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Studies of the effects of implanting pedicle grafts of jejunum into the wall 
of the stomach have revealed that the normal responses to such secretory stimu- 
lants as histamine and alcohol of increased acidity of the gastric juice and 
lowered pH of the gastric mucosa may be reversed or markedly diminished 
(1-4). When portions of duodenum, jejunum, ileum or colon are used for such 
implants the factor causing this alteration of gastric secretion is seen to be con- 
fined to the duodenum and jejunum, the latter source possessing somewhat 
greater activity (3). Further studies have indicated that while a gastro- 
enterostomy almost uniformly fails to produce this effect, it appears promptly 
after the bowel about the stoma is converted to a pedicle graft. 

These findings have led us to postulate the presence in the lumen of the 
jejunum, and perhaps to a lesser extent in the duodenum, of a substance which, 
when introduced into the stomach, exerts a definite effect on the response of the 
acid secreting mechanism to certain secretogogues—notably histamine. The 
present report deals with the results of further efforts to demonstrate the pres- 
ence of such a substance in isolated loops of jejunum. 

Metuops. Healthy mongrel dogs (donors nos. 6-10, table 2) were operated 
upon and a segment of jejunum isolated as for a pedicle graft, but instead of its 
being opened and implanted in the wall of the stomach, one end of the segment 
was inverted under mattress sutures and the other end brought out through a 
stab wound at one side of the laparotomy incision. In three animals the segment 
was approximately 6 cm. in length, while in two it measured 12 to l5cem. The 
continuity of the intestinal tract was re-established by end-to-end anastomosis. 

After at least two weeks had elapsed to allow for healing, these loops were 
washed out two or three times with 25 ec. of normal saline and the washings 
collected. 

To study the effects of such washings on gastric secretion the following technic 


1 This work was carried out under a grant from the John and Mary R. Markle Foundation. 
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was employed. Five normal dogs (recipients nos.1-5, table 2) which had had 
at least one previous gastric analysis and had been trained to tolerate a small! 
stomach tube were used as subjects, having been without food for 24 hours. 
After collecting the normal fasting secretion duringa period of 10 minutes, the 
entire 25 cc. of jejunal washings was instilled into the stomach and allowed to 
remain for 10 minutes when it was removed, together with the gastric secretion 
during this period. At this point the dog received the usual 1 mgm. of histamine 


TABLE 1 


Effect of washings of isolated jejunal loops on gastric secretion 
Control series 


Gastric analyses following histamine in normal animals 


FASTING SPECIMEN | 0-10 MINUTES | 10-20 MINUTES 


Total | Vol Free | Total 
acid acid 


| 
| 
| 
| 


| 
} 


94 | 106 

56 | 72 

76 | 104 

86 

64 80 
84 
74 
60 
50 
72 


| 


Averages .2| 29.5) 48.7; 15.5) 61.8) 74.6 


The following figures are derived from averages of animals 


mgm. HCl 26 . 66 
mgm. HCl/ce...... 2.32 
Parietal secretion.. 
Nonparietal 

secretion 


N = normal; 8 = saline. 
phosphate intramuscularly and further specimens representing the secretory 
response over 10 minute periods were collected. 

Two of the animals, nos. 2 and 3, received the washings from all five donor 
animals at different times, while the other three were used to test the material 
from one or more loops. In all, 16 tests were made in the five recipient animals. 

The jejunal washings were found to be of pH 6.1 to 6.5 and to contain practi- 
cally no titratable buffer. Thus, the pH was altered by 3 points when one 
drop of N/10 HCl or N/10 NaOH was added to 5 ec. of the washings. 

As further controls, each of the five dogs used as recipients in the experiments 
were subjected to gastric analyses exactly comparable to those used to test the 
jejunal washings, except that saline alone was instilled. 


11 18 | 34 13 34 44 | 
66 82 3.5| 35 45 19 
2. aA 11 22 50 14 46 80 15.6 
ae ne 9 28 52 | 31 68 84 23 | 
3. ie 11 26 42 | 6 22 42 14 
aM 15 22 60 | 19 22 44 26 
4, ee 14 0 22 7 12 36 12 
4 0 15 8 2% | 42 8 
42.19 
2.72 
7.03 
8.47 
| 
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Resutts. Effect on acidity of gastric juice. While the specimen removed 
at the end of the 10 minute period during which the jejunal washings remained 
in the stomach always showed a marked reduction in the acidity, it seemed 
possible that the factor of dilution with an indeterminate portion of the 25 cc. 


TABLE 2 
Effect of washings of isolated jejunal loops on gastric s 


Experimental series 


GASTRIC ANALYSES TIME AFTER HISTAMIN 


Animal Fasting specimen 0-10 minutes 


Recipient Free Total , Free 
no. Donor no acid acid Vol. acid 


6 20 50 
7 50 66 


56 


Averages........ 11.2} 28.1 48.6, 11.6 5.5 


The following figures are derived from averages of above animals 


9.23 29 .32 

mgm. HCl/ce.......| 0.79 1.92 

Parietal secretion...| 3 1.54 
Nonparietal 

secretion 10.06 10.41 


of material instilled might have influenced the result, and for comparison with 
the control series this specimen was therefore discarded. 

The comparative results in the experimental and control series appear in the 
accompanying table. From these figures it is apparent that while the injection 
of 1 mgm. of histamine phosphate is followed by a considerable rise in both 
the free and total acidities in the control series, there is a definite fall in both 


= | 
3 10 20 1S 36 56 
2 6 6 |_| 68 5 10 20 7 38 56 
s 9 30 58 24 5 16 16 10 2t 
7 2 0 10 5 s 28 21 52 66 
9 16 70 88 24 14 30 33 66 SS 
10 8 54 72 14 12 26 19 tS 74 
. | 8 32 32 54 40 8 28 1s 24 52 
7 33 20 44 5.5 0 20 14 30 54 
10 13 50 70 8 6 22 26 $2 62 
9 6 16 40 7 4 34 12 22 54 
6 S 48 80 17 6 28 10 10 26 
4 7 5 o | 4 7 0 8 10 44 70 
6 11 0 44 4 0 10 14 20 10 
5 6 4 0 5 4 0 7 7 38 58 
7 7 5 25 11 10 30 13 30 60 
21.8) 37.6) 52.5 


290 ANDRUS, LORD, STEFKO AND DINGWALL 


of these values when the injection follows the instillation into the stomach 
of washings of isolated jejunal loops. By the end of 20 minutes the effect of the 
instillation has worn off to some extent. 

The changes noted in the free and total acidities are reflected in the amounts 
of HCl secreted and in the milligrams of acid per cubic centimeter of gastric 
juice, the concentration being affected to a greater extent than the volume. 
It is interesting therefore to calculate the secretion of the parietal cells according 
to the method used by Gray, Bradley and Ivy (5). This is based on the state- 
ments of Lui, Yuan and Lim (6) and of Hollander (7) that the secretion of the 
oxyntic cells contains approximately 6 mgm. of HCI per cubic centimeter. Thus, 
by dividing the total milligrams of acid secreted by 6, one obtains a figure repre- 
senting the volume of “‘parietal secretion” and by subtracting this from the total 
volume, an index of the mucous and pyloric or the diluting secretion. While 
these figures cannot be considered as more than estimates, they do provide a 
rough gauge of the activity of these cells. 

Reference to these figures suggests that the depression in the acidity of the 
gastric juice is the result of a corresponding diminution in the activity of the 
oxyntic cells. 

The depression of the normal reaction of the gastric analysis to histamine in 
the experimental series only lends support to the idea that this is due to a specific 
factor which can be obtained by washing out the lumen of the isolated jejunum 
with normal saline. 


SUMMARY 


When 25 cc. of saline washings of isolated jejunal loops are instilled into 
the stomach of normal dogs and withdrawn after 10 minutes there follows a 
marked depression in the normal response of the gastric acidity to histamine 
which is maintained for at. least 20 minutes, suggesting a substance within the 
jejunal lumen which is responsible for the effect. 
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Although the effect of anoxia on the electroencephalogram (EEG) of the 
human is well established (Davis) no observations seem to have been reported 
in which in unanesthetized animals the effect of anoxia over a wide range of 
oxygen tensions has been investigated. Such a study appears to be desirable 
as a means of determining the relation between the severity of anoxia, the type 
of cortical potential and the general behavior of the animal. In the present 
study several modifying factors have also been investigated such as the rdéle of 
the rate of ascent as well as drugs and dietary factors. 

Meruops. The experiments were performed on more than 100 rats in which 
the EEG and, in some experiments, the pulse rates were recorded with an Offner 
ink crystograph. The rats were placed in glass jars of 1 gallon capacity and the 
barometric pressure was lowered according to table 1 by means of a Cenco 
vacuum pump. For further details compare Kessler and Gellhorn. 

Resutts. I. The effect of ‘moderate’ anoxia on the EEG. Three series of 
experiments (cf. A., B., E. in table 1) were performed in which the effect of lower- 
ing the barometric pressure to 190 mm. Hg was studied on the EEG. Figures 1 
and 2 illustrate the typical results obtained under these conditions on 38 rats. 
Figure 1 shows that shortly after the level of 190 mm. Hg has been reached the 
electrical potentials disappear almost completely. At this time the animal ap- 
pears to be unconscious, does not react to any stimuli and is unable to right itself. 
This latter observation seems to indicate not only that cortical activity is prac- 
tically eliminated as seen by the EEG record but also that the functions of the 
pons are likewise greatly depressed. This period of temporary silence occurs, as 
table 2 indicates, in 76 per cent of all experiments. In spite of the fact that the 
rat remains exposed to this lowered oxygen tension, there is a gradual resumption 
of electrical activity as illustrated in figure 1. Alpha potentials reappear and 
later periods of very large potentials of a frequency of 8 to 10 per second are 
observed. These spindles show an amplitude of 100 uv or more and continue 
to be present at this barometric pressure until the end of the experiment (30 min.). 
Although spindles occur in practically all experiments of this type, their onset 
is somewhat variable. They appear earlier in those cases in which the sudden 
lowering of the barometric pressure does not lead to a period of complete cortical 
silence. 

Figure 2 shows a record which is representative of a minority of experiments 
performed under the same conditions. In these cases no period of complete 


1 Aided by a grant from the Josiah Macy, Jr. Foundation. 
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cortical silence is observed but instead large delta waves appear. They decrease 
gradually in amplitude and then records are obtained in which spindles of a 
frequency of 8 to 10 alternate with small potentials similar to those seen at 
normal oxygen tension (fig. 2). Both types of observations have in common the 
fact that the rapid ascent leads at first to a more severe depression of cortical 
activity than is observed later after some adjustment reactions have taken place. 
When rapid, small potentials alternate with spindles, the rats are still markedly 
depressed but the righting reflex has been restored. 


TABLE 1 
Procedure of decreasing barometric pressure 


PRESSURE 


E 
mm, Hg mm. Hg 

580 580 
480 550 
380 500 
280 450 
190 400 

350 
190 


In order to determine the cause of the disappearance of the silent period or of 
the period of large delta waves which occur early during the anoxia, blood pres- 
sure records would be of greatest importance. Unfortunately, such records could 
not be obtained for the present set of experiments but the pulse rate was recorded 
(table 2). The records showed that the pulse rate was regular at that time and 
not essentially different from that of the control values obtained at 750 mm. Hg 
or from the rate observed after recovery from the silent period had been achieved. 

In spite of it, it appears to us rather probable, unless blood pressure experi- 
ments would prove the contrary, that the restoration of cortical potentials is 
due to an improvement in the oxygenation of the brain rather than to an adap- 
tion of the cortical cells to a low oxygen tension. 


A B Cc 
minutes mm. Hg mm. Hg mm. Hg 
1 580 580 580 
2 480 480 480 
3 380 380 380 
4 280 280 280 
5 190 190 190 
6 | | 
6-10 
6-15 190 
6-36 190 190 
7-10 | | 300 
11-15 | 280 
11-16 160 
16-20 | | | 
4 16-46 | 160 | | 
17-2 | | | 140 
21-25 | 240 
23-28 | 120 | 
26-30 220 
29-39 110 
4 31-60 | 190 
37-67 140 
| 
| 
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If the barometric pressure is lowered from 190 mm. Hg to 160 mm. Hg after 
rats have been exposed to the former for 10 minutes (cf. column B in table 1 
it is found that spindles also occur at 160 mm. Hg. They are likewise observed 
in experiments in which the level of 190 mm. Hg is reached very gradually (cf. 
column E of table 1). Under these conditions, spindles are not preceded by 
either a period of complete silence or delta waves (table 2). If the barometric 


E.E.G. at 190 mm. Hg. 


mm H9 


Fig. 1. The effect of reduced barometric pressure on the electroencephalogram of the 
unanesthetized rat. The pressure was reduced from 750 mm. Hg to 190 mm. Hg in five min- 
utes (ef. table 1A). 


E.E.G. at mm.Hg 


mm Hg. 


Fig. 2. The effect of reduced barometric pressure on the electroencephalogram. Pro- 
cedure as in figure 1. 


pressure is lowered more rapidly to levels below 190, spindles do not occur at 
190 or 160 mm. Hg. The experiments suggest that spindles are characteristic 
of a certain range of oxygen tensions since they were almost never observed at a 
barometric pressure above 400 mm. Hg and were likewise absent at pressures 
of 140 mm. Hg or below. Another condition for their appearance is a time 
factor inasmuch as very rapid ascent through the indicated range does not lead 
to spindle formation. 


750 
7 
1$@Cc. 
750 
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II. The effect of ‘‘severe’’ anoxia on the EEG.2 Two procedures (cf. C and D 
in table 1) were used in order to lower the barometric pressures below 160 mm. 
Hg. In procedure C a level of 140 mm. was reached in 36 minutes. Figure 3 
shows that the lowering of the barometric pressure to 140 mm. Hg abolished the 
spindles seen at 200 mm. Hg. All potentials gradually decline in amplitude and 


TABLE 2 
Effect of decreased oxygen tension on the electroencephalogram 


‘ PERIOD OF CORTICAL SILENCE SPINDLES 
Per cent | Onset | Duration Per cent Onset 
38 76 Av. 1.6’ | Av. 4.4’ | 95 Av. 16.3’* | Ascent to 190 mm. Hg in 5 
(1’-5’) (1’-7’) (7’-23’) min. (Method A) 
12 0 0 | 92.5 Av. 21.2’ Ascent to 190 mm. Hg in 30 


| (4’-37')** min. (Method E) 
* Time in minutes from the beginning of ascent. 
** One rat showed spindles 4 minutes after beginning of ascent at which time the pres- 


sure was 450 mm. Hg; the rest developed spindles between 280 and 200mm. Hg. Cf. table 1 


E F 
Fig. 3. The effect of lowered barometric pressure on the electroencephalogram. Pro- 
cedure C of table 1. A, 13 min. at 200 mm, Hg; B, 2 min. at 140 mm. Hg; C, 12 min. at 140 


mm. Hg; gasping; D, 10 min. after readmission of air; E, pulse rate taken during record C; 
F, pulse rate taken during record D. 


become slower. Gasping occurs in most instances within 30 minutes (average 
20 min.). At that time only few and slow potentials are seen. If the baro- 
metric pressure is not immediately increased, the animal dies. The occurrence 
of slow gasps indicates that under these conditions not only cortex and pons are 


2? The term ‘‘severe’’ anoxia has been used in this paper to denote the involvement of 
the medullary centers. 


‘Isec 
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greatly depressed, since cortical potentials are practically absent and righting 
reflexes are abolished, but that the medulla oblongata is likewise affected (Lums- 
den). At the same time the recording of the pulse rate indicates gross irregu- 
larities and slowing (cf. record E in fig. 3). Readmission of air restores cortical 
potential, normal behavior, and regularity of the pulse (ef. records D and F in 
fig. 3). 

In 11 animals the barometric pressure was lowered rather rapidly to 110 mm. 
Hg (procedure D of table 1). Of the 11 animals, 10 gasped at a pressure varying 
between 140 and 110 mm. Hg. Here again gasping was accompanied by a slow 
irregular pulse, absence of cortical potentials and loss of righting reflexes. 

III. Factors modifying the effect of lowered barometric pressure on the EEG. In 
fifteen experiments, the effect of benzedrine (5 mgm./kgm., intraperitoneally 
was studied on the EEG of rats subjected to procedure A. It was found that a 


TABLE 3 
Effect of decreased barometric pressure (190 mm. Hg.—Method A) on pulse rate 


PULSE RATE PER MINUTE 


RAT 190 mm. Hg 
Cortical silence onset Recovery onset 

1 420 400 388 
2 390 | 412 410 
3 374 | 378 388 
4 366 313 340 
5 | 532 | 456 | 500 
6 480 420 434 
7 400 448 450 
8 | 458 384 382 
428 401 412 


100 94 96 


period of silence was observed in 9 out of 15 experiments (60 per cent), a figure 
which is not essentially different from that seen in uninjected controls (76 per 
cent). However, spindles did not occur after the recovery from the period of 
silence in any of these animals (fig. 4) whereas they were found in 95 per cent of 
the control animals. At the same time it was observed that the rats, instead of 
being depressed as uninjected controls were at 190 mm. Hg. during the time 
when spindles occurred, appeared entirely normal: they moved about in the low 
pressure chamber and reacted to external stimuli. If benzedrine injected rats 
were subjected to procedure B in which the pressure was lowered to 160 mm. Hg, 
the EEG failed again to show spindles which regularly occurred in the corre- 
sponding control experiments. 

It is important to note that this fundamental difference in the reactivity of the 
cortex existing between “benzedrine’’ and control rats is limited to the range of 
oxygen tensions of 160 to 200 mm. Hg since entirely different results were ob- 
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tained under conditions of “severe” anoxia. Benzedrine rats which were sub- 
jected to procedure D showed in all nine experiments that gasping occurred 
between 140 mm. Hg and 110 mm. Hg at times similar to those observed under 
control conditions; moreover, experimental and control rats showed a similar 
behavior and similar changes in EEG. These experiments suggest that observa- 
tions made on animals subjected to a moderate degree of anoxia may not permit 


mm. Hg. Benzedrine 5md/kg. 


«7 
30 


190 


Fig. 4. The effect of benzedrine (5 mgm./kgm.) on the electroencephalogram of the un- 
anesthetized rat under conditions of lowered barometric pressure. Asterisks indicate 
movements. 


one to make any prediction with regard to their behavior at extreme degrees of 
anoxia and vice versa. 

In a number of investigations the resistance of animals to anoxia under various 
conditions has been tested by determining their survival time under conditions 
of extreme anoxia. Thus Campbell found that carrot-fed rats show an increased 
resistance to anoxia. We were able to confirm this finding on fifteen rats since 
only six rats (40 per cent) gasped within 10 minutes at 100 mm. Hg, whereas in 
rats fed dog chow diet, ten of eleven rats (91 per cent) gasped within this period. 
On the other hand, it was shown that this increased resistance displayed by the 
carrot-fed rats under conditions of “‘severe”’ anoxia did not appear when the 


1 sec, 
10’ 90 
23’ 190 


aod 
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animals were subjected to “‘moderate”’ anoxia (procedure A of table 1). Under 
these conditions behavior and EEG were similar and apparently independent 
of the diet. 

Discussion. With respect to the reversible period of electrical silence of the 
cortex which occurs, after rapid ascent, at a barometric pressure of about 190 mm. 
Hg it was found that in spite of continued anoxia, the brain potentials gradually 
recover to the “spindle” type. The absence of changes in pulse rate when 
recovery from this period of temporary cortical silence occurs suggests that sys- 
temic circulatory changes are not involved in the recovery. It is, however, not 
improbable that an improved oxygenation of the cortex is the cause of this 
recovery, since dilatation of cerebral vessels may gradually increase in anoxia 
particularly if acid metabolites are accumulated at the same time. 

The period of electrical silence of the cortex observed at a barometric pressure 
of 190 mm. Hg is fundamentally different from that observed at pressures of 
140 mm. and below since the latter ends invariably in death unless the baro- 
metric pressure is quickly raised. The reversible form of electrical silence (at 
190 mm. Hg) occurs under conditions indicating an anoxic involvement of cortex 
and brain stem down to the pontine level (righting reflexes). The irreversible 
form of cortical silence (at 140 mm. Hg) is accompanied by an involvement of 
the whole brain including the medulla oblongata as indicated by gasping, slowing 
and irregularities of pulse rate suggesting vagal discharges. If the barometric 
pressure is restored rapidly, the animals may completely recover. The observa- 
tions made at 190 mm. Hg on one hand and at 110 to 140 mm. Hg on the other 
hand give renewed evidence for the well established fact that anoxia affects more 
easily cortex and brain stem than medullary centers (cf. Gellhorn, 1943, p. 166). 
They do not support Windle’s claim that anoxia results in fortuitous damage 
to various parts of the central nervous system. 

The spindles observed at 190 mm. Hg are similar to those reported by Sugar 
and Gerard following recovery from complete anemia of the brain and interpreted 
by them as an indication of increased excitability of the cortex. Since their 
experiments were carried out in narcotized animals, no comparison with the 
general behavior could be made. It is, therefore, of interest to emphasize that 
our observations clearly showed a marked depression of the animals during the 
period in which trains of spindles prevailed. Whereas the animals showed no 
spontaneous movements at 190 mm. Hg and appeared to have also a diminished 
tone of the muscles, they assumed normal activity and behavior as soon as the 
pressure was raised to a level at which these spindles disappeared. 

Our experiments have confirmed Campbell’s findings but have shown that in 
spite of the greater resistance of carrot fed animals to lethal tensions of oxygen, 
they appear not to be more resistant to milder degrees of anoxia inasmuch as 
they show the same cortical and clinical changes as do control rats. Similarly, 
it has been found that benzedrine which decidedly improves the performance of 
rats at 190 mm. Hg does not in any way alter their resistance to lethal tensions 
of oxygen. It must be concluded that experiments done under conditions using 
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the time of survival under severe anoxia as the criterion of anti-anoxic properties 
of certain drugs or procedures are more of pharmacological than physiological 
interest. 


SUMMARY 


Studies on the effect of lowered barometric pressure on unanesthetized rats 
have shown that when the ascent is carried out rapidly a period of temporary 
silence of the cortex occurs at a level of 190 mm. Hg from which the animals 
recover spontaneously in spite of continued lowered barometric pressure. Dur- 
ing the period of cortical silence righting reflexes are absent. Recovery is 
accompanied by the appearance of large spindles of a frequency of eight to ten 
per second. Righting reflexes reappear during this period but the animals 
remain depressed. Rats injected with benzedrine show similar changes in EEG 
as far as the period of cortical silence is concerned, but they show during the 
subsequent recovery a normal EEG without spindles and without any other 
signs of depression of activity. If the pressure is gradually lowered to 190 mm. 
Hg, the periods of temporary silence may be absent, but spindles accompanied 
by a general depression of the animals are found. The occurrence of spindles 
is confined mostly to barometric pressures varying between 280 mm. Hg and 
160 mm. Hg. If the pressure is lowered to 110 to 140 mm. Hg, a period of elec- 
trical silence occurs from which no recovery at that barometric pressure is pos- 
sible. As the gasping and slowing of pulse show, the medulla is involved under 
these conditions. 


Benzedrine which increases the resistance of rats to anoxia as indicated by the 
EEG at moderate degrees of anoxia does not increase the resistance or the 
survival time of rats under conditions of extreme anoxia. Conversely, rats fed 
with carrots although showing an increased survival time under lethal conditions 
(Campbell) do not show any improvement in performance or in EEG under 
conditions of more moderate anoxia. 
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In a previous investigation it was shown by the present authors that chemically 
(metrazol) and electrically induced convulsions call forth a neutrophilic leuco- 
cytosis in normal animals. However, no changes in the leucocyte count oc- 
curred in adreno-demedullated rats subjected to the same measures. These 
data indicate that leucocytosis may be the result of an excitation of centers of 
the sympathetico-adrenal system leading to a discharge of adrenalin which by 
direct action on the bone marrow results in an increased discharge of neutrophilic 
leucocytes. In addition to this mechanism other mechanisms are involved also 
which appear to be independent of the discharge of adrenalin. It was found 
that the injection of typhoid-paratyphoid vaccine led to a neutrophilic leuco- 
cytosis which was not confined to the normal animals but was also present in 
adreno-demedullated rats to a similar degree (Clare, Cress and Gellhorn, 1943). 

Extensive studies (cf. Gellhorn, 1943, for literature) have shown that anoxia 
causes an excitation of the sympathetico-adrenal system. It is likewise known 
that anoxia, at least in its earlier stages, is accompanied by a leucocytosis later 
followed by leucopenia (Meyer, Seevers and Beatty, 1935; Ruppanner, 1920). 
The question, therefore, arises as to whether anoxia causes leucocytosis by 
means of sympathetico-adrenal discharges. Since it is known that not only 
anoxic anoxia but also'anemic anoxia (Nasmith and Graham, 1906) call forth leu- 
cocytosis as well as excitation of the sympathetico-adrenal system, it was decided to 
investigate the dependence of leucocytosis on the sympathetico-adrenal system 
under these conditions. 

Metrnuop. The experiments were performed on 52 rats averaging 250 grams 
in weight. Half of the animals were adreno-demedullated. Blood samples 
were obtained from the tail after amputation of 1 or 2 mm. and discarding of 2 
or 3 drops. Control experiments reported in our previous work showed only 
insignificant changes in leucocyte count taken at two hour intervals over 24 hrs. 
Operated animals were used not earlier than 3 to 4 weeks after operation. No 
food was given during the periods of anoxia. 

Anoxic anoxia was established by subjecting the animals to a barometric pres- 
sure of 400 mm. Hg in a low pressure chamber for 12 hrs. on each of four successive 
days. Before and after the period of anoxia red and white counts were taken. 
The effect of anemic anoxia was studied in two ways: Ist, by subjecting rats to 
carbon monoxide poisoning, and 2nd, by hemorrhage. Carbon monoxide was 
found to be effective when injected intraperitoneally (1 cc. per 20 grams’ body 
weight). Blood counts were taken before, and 6 and 12 hrs. after the injection. 
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In order to study the effect of hemorrhage, about 4 of the total blood was re- 
moved from the tail in 30 minutes. It was assumed that the rat has 6.7 cc. of 
blood per 100 gram of body weight (Griffith and Ferris, 1942). Blood counts 
were taken before bleeding and 13, 17 and 24 hrs. after bleeding. A differential 
count was carried out on 10 normal rats subjected to anoxic anoxia and CO 
poisoning. 

Resutts. The effect of anoxic anoxia on 5 of the 10 animals which were in- 
vestigated is shown in table 2. It is clearly evident that anoxic anoxia causes : 
decided increase in leucocytes in normal but not in adreno-demedullated rats. 
The leucocytosis occurs in most instances at the end of the first period of anoxia; 
only in two out of ten animals was the leucocytosis at its maximum after the 
second anoxic period. Thereafter, there was a gradual decline in leucocyte count 
so that at the end of the fourth anoxic period the count was on the average only 
slightly above the control levels. The effect is not due to hemoconcentration as 
evidenced by the fact that the changes in erythrocytes during these experiments 


TABLE 1 


Effect of various forms of anoxia on the white cell count 


PERCENTAGE PERCENTAGE 
AVERAGE AVERAGE 
WHITE WRITE INCREASE 
COUNT IN ANOXIA COUNT IN IN % OF 
mM! MM3 (AFTER |) CONTROL 
(CONTROL ANOXIA) 


PERCENTAGE 
INCREASE IN 
phils cytes sytes PHILS 
before anoxia after anoxia 


NO. OF 
RATS 


21080 CO 1 ece./20 | 28860 30 70 | 62.5 37.5) 108 
grams weight | | 
intraperi- 


| 
toneally 


16 hrs. at 300 
mm. Hg 


were only very slight. After the end of the first anoxic period the leucocytes in 
10 rats had increased from 18,000 to 30,000 per mm* whereas the red counts in- 
creased from 9.4 to 9.7 millions per mm’. 

None of the adreno-demedullated rats showed a leucocytosis. In two adreno- 
demedullated rats (nos. 5 and 8; the record of the latter is not shown in this 
paper) there was a decided fall in leucocytes but in most observations no sig- 
nificant effects were observed. Whereas the maximal increase in white count 
of 10 normal rats averaged 82 per cent, it amounted to 4.7 per cent only following 
anoxia in 10 adreno-demedullated rats. 

The influence of severe hemorrhage on the blood count on normal and adreno- 
demedullated rats is illustrated by table 3. Here again it is shown that leuco- 
eytosis is confined to the normal group and appears at its height 8 to 12 hrs. 
after bleeding. Hereafter, the white count gradually returns to control levels. 
For the interpretation of these findings, the curve illustrating the red count is 
important. It shows that four hours following the bleeding, the red count is 
reduced to approximately 50 per cent of the original value and remains at this 
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TABLE 2 
Effect of low barometric pressure (12 hrs. at 400 mm. Hg) on the leucocyte 


A. NORMAL RATS B. ADRENODEMEDULI 


LLATED 


PROCEDURES 


L|E|L/IE|L/E 


Control 9. 6/15. 6:9. | 13.5) 9. 8.9 0} 9.7/28.0 

Counts | 16.0 14.0 }21.0 28.5 


Anoxia | 


Counts 34.0) 9.2/27.0/9. 5/32. 5) 9.1) 39.2)10. 430.5 
Rest | | 
Anoxia | | | 
Counts |10. 4/23. 5/9. 6] 0/25. 0/9. 3/21. 0/10. 0) 26.0/10.3/31. 
Rest | 
Anoxia 
Counts —_/10. 5/21. 09.5) 24.0/10. 1/21.0/9. 7/22. 0110. 1) 23.0) 9. 8/28. 
85 Counts j10. 4 19.0}9. 5} 21.0) 9. 20.0) 9.0.29.0 10.0/16.0 


L maximal increase (%)......|48.7| |146.1) —|82.5||58. 118.9 9.5, |19.2) | 1.0 


Average maximal increase of L in 10 normal rats = 81.7%. Average maximal increase of L in 10 adrenodemedul- 
lated rats = 4.8%. 

*E = Erythrocytes in millions per cu. mm. 

+ L = Leucocytes in thousands per cu. mm. 


TABLE 3 
Bleeding experiments 


LEUCOCYTES 
CON- | N N cc 


BLOOD 1 13 17 
WGT. | TROL ‘ 7 hrs 
hrs./7 hrs. hrs. | hrs. | hrs. 


= MOVED 


After bleeding 


Normal rats 


| 


39.25.43.84.24. 
16.0/40.0 27.032.5,19.5,29.8 
26 .0,35.0 29.8,25.0 23.524. 
16.3,30.0)35.0.27.5 24.019. 
22.5)39.0)28. 


210 | 9.0 | 
200 | 9.0 | 
220 | 8.5 

| 230 10.0 
240 | 8.9 | 

280 | 9.0 | 


be 
Ot 
or ge Gr 


or 
Or Or 


or 


Average 


Adreno-demedullated rats 


225 | 9.8 | 30.0) 29.0) 4.5 20.4/19.4/20.1/20.6 22.0/22.6 

275 | 9.7 | 19.0] 18.9} 5.5 615.6): 

295 | 9.6 | 20.3) 19.0) 5.5 17.5 13.0118.017.816.8 16.0 —33.65.¢ 

235 | 8.45) 27.0! .0 |20.0/24.0:25.0 66.25.06.0 
240 | 9.8 | 28.0) 27.0) 5.0 15.0/22.0/24.0 
165 | 8.9 | | 


Average ...... |—15.7 


301 4 
! 
| 
HOURS | | | *3 | #4 «5 #1 #2 63 “4 
8.9/19.0 8.5 
19.5, 19.0) (24.4 
1-13 
19.5.9.5 18.3.6. 8 25 
19. 5/9. 4.20. 0'8.0 17.0 
19.0'9.6 18.5. 8,219.2 
ERYTHROCYTE 
| 
RAT 24 \% nce.) 3 | 7 | 13 | 17 | 24 
hrs. INL (hrs. hrs. hrs. hrs. hr r 
| After bleeding 
1 18.5 16.0 
2 18.5, 17.0 
3 20.0) 21.0 2 
4 20.0; 22.0 ‘ { 
5 20.0 19.0 0 
6 22.3) 22.0; 8.5 
1 6.0 
2 5.0\5.25.3 
3 1.7 
4 
5 
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level for the next 24 hours indicating that the blood volume has increased con- 
siderably. In spite of this dilution, the increase in leucocytes averages 72 per 
cent in six normal rats. The actual production and release of leucocytes into 
the circulatory system must have been considerably greater than is indicated 
by this figure. 

The adreno-demedullated rats show in 4 out of 6 animals a decrease in white 
count after bleeding which roughly parallels the decrease in red count and may 


TABLE 4 
Effect of CO* on the leucocyte count 


LEUCOCYTES } 
CONTROL CONTROL CONTROL INCR. E6uRS. | E12 HRS. 
E ‘TER C PTER CO 

IL 12 hrs. L AFTER CO | AFTER C 


afterCO _ after CO | afterCO 


Normal rats 


28. 
27.8 
40. 
32. 
32. 
30. 
31. 
21. 
15. 
10 9. 25. 23. 36.£ 


N 


bdo on 


co 


9 
10 


Average 


*1 cc. CO per 15 to 20 grams weight, intraperitoneally. 


be accounted for by the dilution of the blood. In two rats the leucocytes show 
an insignificant rise (7 and 12 per cent respectively). 

Normal rats under carbon monoxide poisoning show an increase in the number 
of leucocytes which is maximal after 7 or 13 hrs. (table 4). It amounts to 60 
per cent on the average whereas the average change in the demedullated group 
is 6 per cent. After 24 or 48 hrs., the control value was obtained again in the 
unoperated group. These changes in leucocyte count were not accompanied 


0 | 37.5 8.0 8.0 
5 | 39.0 8.5 8.6 
0 | 33.3 9.1 9.0 
.0 91.6 
0 | 56.8 
.0 §1.5 
0 | 73.1 
0 | 66.6 
5 | 94.7 
32.0 | 52.1 9.0 
| 
Adrenodemedullated rats 
1 23.6 22.0 | 27.6 | 27.4 | 25.0 | 20.1 | 
2 32.2 31.0 31.0 | 32.0 | 29.0 1.3 | 
3 8.7 28.0 27.0 27.0 | 26.0 | 26.5 | —5.0 8.9 | 9.0 
4 8.9 30.0 28.0 31.0 | 31.5 | 8.6 9.0 | 8.8 
5 8.9 20.0 19.0 | 23.0 | 22.0 | 17.9 | 8.9 | 
6 9.3 19.0 18.5 | 21.0 | 21.0 | 11.7 | 9.0 | 
7 9.8 22.4 22.3 23.0 | 21.0 2.7 9.2 | 
8 8.5 28.0 27.0 | 27.5 | 27.0 |-1.9 | 8.4 | 
) | 9.0 29.0 28.0 28.0 | 29.0 | 1.8 9.3 | 
9.4 | 25.6 | 24.0 2.0 | 4.0 | 49 | 9.5 | 
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by any significant changes in the red blood count. Table 1 shows the leuco- 
cytosis which occurs in another group of normal rats under conditions of anoxic 
and anemic anoxia. Although the leucocytosis was of a lesser degree than in the 
main group of experiments described above, its neutrophilic character is un- 
mistakable. 

Discussion. The experiments show conclusively that anemic and anoxic 
anoxia lead to a leucocytosis in normal but not in adreno-demedullated rats. 
The data suggest that the liberation of adrenalin in the normal group is the cause 
of the leucocytosis. This assumption is supported by the fact that anemic as 
well as anoxic anoxia leads to the liberation of adrenalin. That the results are 
not due to changes in blood volume is indicated by the simultaneous determina- 
tion of the red count which does not show any significant changes in anoxic 
anoxia and in carbon monoxide poisoning in the present investigation. In the 
group showing anemic anoxia as a result of hemorrhage, there was a fall in red 
blood count indicating a marked dilution of the blood but this fall was similar 
in normal and adreno-demedullated rats. Nevertheless, only the normal group 
showed leucocytosis. 

The experiments agree with our earlier studies in which metrazol and electro- 
shock caused a leucocytosis which under these conditions was likewise confined 
to the normal and was absent in the adreno-demedullated group. Moreover, in 
both groups of experiments, it was found that the leucocytosis was neutrophilic 
only. Both investigations support the assumption that sympathetico-adrenal 


discharges are a potent factor in the elicitation of a neutrophilic leucocytosis. 
However, chemical substances may also have a direct peripheral effect on the 
bone marrow as shown by the fact that after injection of typhoid vaccine, leuco- 
cytosis appears in both normal and adreno-demedullated animals. 


SUMMARY 


The effect of anoxic and anemic anoxia is studied on the blood picture of 
normal and adreno-demedullated rats. It is found that anoxic anoxia induced 
by exposure of the animals to a barometric pressure of 400 mm. Hg for 12 hrs. 
on four successive days causes a leucocytosis after the first or second period of 
anoxia in normal but not in adreno-demedullated rats. Similarly, it is observed 
that carbon monoxide poisoning and hemorrhage are followed bya leucocytosis 
confined to the normal group. The leucocytosis is in all cases of a neutrophilic 
character. The experiments indicate that the leucocytosis in anoxic and anemic 
anoxia is due to a discharge of adrenalin following the excitation of the sym- 
pathetico-adrenal system. It is assumed that the liberated adrenalin acts 
directly on the bone marrow. 
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Interest in measures designed to increase resistance to anoxia is understandably 
acute at the present time. Since one of the most constant physiologic reactions 
to anoxia is the increase in the number of red cells the possibility that an artificial 
polycythemia induced by blood transfusions might be beneficial to high altitude 
fliers merits investigation. Considering the ease of the operation and the long 
life of the red cell, such a method, if effective, might be quite practical. Authori- 
ties differ, however, on the importance of polycythemia as a factor in acclima- 
tization as is evident on reading the chapter ‘“Acclimatization” in Anozia, [ts 
Effect on the Body, by Van Liere, (1). Experimentally, Campbell (2, 3, 4) has 
studied the effects of an increased hemoglobin percentage on tissue oxygen 
tension, using the method of injected nitrogen bubbles, but we could find no 
reports concerning its effect upon actual resistance to anoxia. 

In attacking this problem we were impressed by the great individual varia- 
tion in the survival time of rats under conditions of acute anoxia. It also seemed 
to us that since the survival of high altitude personnel depended in large part 
upon the reception of sensory stimuli and the ability to respond to them, a test 
based upon the loss of a reflex response under anoxic conditions might be more 
appropriate than length of survival. Such a method was therefore developed and 
applied to the polycythemia problem. 

Finally, the confirmation by Nelson, Goetzl, Robins and Ivy (5) of the original 
report of Campbell (6) that a ten day carrot diet markedly increased the re- 
sistance of rats to acute anoxia, raised the question whether such increased re- 
sistance would also be shown by our test. 

EXPERIMENTAL. Albino rats of the University of Denver strain were used in 
these studies. The method employed was as follows. An electric bicycle horn 
was placed in the bottom of a vacuum desiccator, thé leads sealed through the 
stopper and the horn operated by means of an outside switch. A wire frame, 
on which the animal rested, was placed over the horn so that he would not be 
affected by the mechanical vibration of the horn. Under these conditions, 
sounding the horn produced a uniform response, namely, a sharp, backward twitch 
of the ears, which we call the ‘‘Ear-batting Reflex,” which is easily observed 
through the walls of the desiccator. Undue excitement is not produced, a rat 
lying quietly in the chamber will usually merely bat his ears when the horn is 
sounded. 

Exposure to low barometric pressures results in loss of this reflex, after varying 
lengths of time. (We believe that failure of the animal to respond is probably 
due to its failure to hear the signal rather than to muscular paralysis, at least the 
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ability to respond to electrical stimulation persists much longer.) Disappear- 
ance of the reflex, when tested at 30 second intervals is usually unequivocal, that 
is, the last response may have been quite strong but 30 seconds later it will have 


TABLE 1 
Control reflex times, in minutes, for 5 determinations, made at weekly intervals 


RAT NO. 4TH STH AVERAGI 


14 


13 
32 


TABLE 2 
Effects of polycythemia on reflex time 
BEFORE TREATMENT AFTER T 


1 week 


Reflex 


time} Reflex 
( 
RB time 


to bo bo 
or or 
oo 


or 


2: 
9 
2 
2: 
2 
3 


Or 


cr 
t> bo 


15. 
15. 
13. 14.8 
16.8 3.25 | 
17. 2. 5.25 11.75 
8.56 | 14.7 13.35 
* Red cells suspended in saline solution. The amounts given represent the volume 
of whole blood from which red cells were obtained. 
+ Red blood count in millions. 
t Average of 5 determinations at weekly intervals before transfusion. Reflex time 
means the number of minutes elapsing between the time an altitude of 40,000 feet was 
reached and the time at which the reflex disappeared. 


disappeared completely. Sometimes an animal failing to respond to the usual 
blast will respond if the signal is prolonged or repeated, but after another 30 
seconds no response whatever can be elicited. Once lost, the reflex does not 
reappear unless the pressure is raised, whereupon it reappears promptly. It 


17 |_| 10 7 6 10 9.4 2.8 

4 14 14 12 13 14 13.4 s 

11 i 15 24 18 14 16.8 1.0 

3 35 31 34 32 32.8 1.5 

16 24 40 30 48 33 35.0 &.2 

ATMENT 
RAT NO. TREAT- P| 2 week ee 
MENT 
RBCt 

1 7.85 9.8 1.6 8.00 14 

2 8.55 16.6 1.5 9.15 16 

3 8.20 32.8 1.5 7.65 30 

4 7.90 | 13.4 8 7.40 14 

5 9.0 22.0 3.5 9.10 | 22 

6 8.35 | 24.6 2.8 a. 9.00 28 

Av... 8.31 19.9 10.31 | 17.5 9.98 | 18.3 8.38 | 20.7 

7 9.00 11.2 3.2 6.2 14.20 | 16 11.40 | 16 8.75 9 
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therefore seems reasonable to assume that loss of the reflex is due to anoxia and 
the length of its survival measures the animal’s resistance to this condition. 

As regards variability, raw data on 5 of the rats used in this study are presented 
in table 1. These 5 rats represent the extremes of consistency and inconsistency 
and also the extremes of time of reflex survival. All other rats fall between these 
extremes, as shown by the standard deviations and average reflex times listed 
in tables 2 and 3. It will be noted that the variations in a given rat, determined 
from time to time, are less than the variations between different rats, which sug- 
gests the advisability, in future work, of using animals selected for their 
uniformity. 

All determinations were made at a pressure of 140 mm., corresponding to an 
altitude of 40,000 feet, the rate of ascent being 2,000 feet per minute. The 
desired barometric pressure was obtained by means of a vacuum pump, air 
being admitted: through an adjustable capillary. The circulation through the 
chamber at 40,000 feet was 4 liters of outside air per minute. After reaching 


TABLE 3 


Effect of carrot diet on reflex time 


13 21.8 3.2 19 | 18 
14 10.0 1.8 13 19 
15 | 17.6 1.5 | 17 | 21 
16 | 35.0 8.2 56 45 
17 9.4 2.8 12 | 11 
18.8 23.4 22.8 


40,000 feet the horn was sounded at 30 second intervals and the period elapsing 
between reaching that altitude and the disappearance of the reflex, read to the 
nearest minutes, recorded as the “‘Reflex time.” 

The normal reflex time of 12 rats was determined by five tests made at weekly 
intervals. Their blood count was determined, following which they were in- 
jected, via the jugular vein, with rat red cells suspended in saline in the amounts, 
expressed in equivalents of whole blood, shown in the table. Tests were again 
made at weekly intervals for three weeks and after each test a red count was 
made. The results are shown in table 2. 

To study the effects of a carrot diet 5 rats whose reflex times had been estab- 
lished as described were placed on such a diet for 11 days. The weight loss was 
8.7 per cent. Their reflex times were again determined on the 10th and 11th 
days. These results are shown in table 3. 

Discussion. It will be noted that two levels of polycythemia were produced. 
In the first group of six rats (table 2), which received red cells equivalent to a 
blood transfusion of 2.25 to 3.3 cc. each, the increase in red count was 24 per 
cent, while in the second group, receiving from 6.0 to 6.5 cc. the increase was 56 
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percent. This was done to take into account the possibility that the advantage 
of a high red count might be overbalanced by the greater blood viscosity. At 
neither level, however, was there an increased resistance to anoxia. This agrees 
with the conclusion reached by Campbell (4) that an increased amount of 
hemoglobin at high altitudes is of no value. 

As regards the carrot diet, the increase in resistance shown is slight and sta- 
tistically insignificant. Although, using the percent of animals surviving acute 
anoxia as the criterion, Ivy’s work (6) is conclusive in proving beneficial effects, 
this diet would appear to have little value under conditions where survival de- 
pended upon reflex responses, insofar, at least, as the response used in this study 
may be regarded as representative. 


CONCLUSIONS 


1. A method of studying anoxia in the rat, based on the loss of a reflex re- 
sponse to sound, is described. 

2. Using this method, no increase in resistance to anoxia was produced either 
by a moderate (24 per cent) nor high (56 per cent) degree of polycythemia. 

3. A 10 day diet of carrots exclusively was also ineffective. 
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When anterior pituitary gland extracts are injected into thyroidectomized 
guinea pigs, an exophthalmos and hypertrophy of the retrobulbar fat and 
extraocular muscles is produced (1, 7, 9). Study of histological sections of the 
orbital fat and muscles of such animals have shown that there is an increase 
in the quantity of interstitial water in these tissues. It has been impossible to 
determine, however, whether the lipid and the connective tissue constituents 
were increased in amount. For this reason quantitative determinations were 
made of the water, lipid (ether soluble) and connective tissue components 
of the orbital fat, and of the water content of the extraocular muscles of 87 
exophthalmic and control female guinea pigs. The water content of peritoneal 
depot fat and of skeletal muscle of 70 of these animals was also determined. 

Marertats. A marked exophthalmos was produced in 19 thyroidectomized 
guinea pigs by the injection of an extract of anterior pituitary glands. In 
addition, 17 normal animals and 26 thyroidectomized but uninjected guinea 
pigs were used as controls. An analysis was also made of the orbital tissues of 
nine animals in which injection of the hypophyseal extract failed to produce 
an exophthalmos or in which the proptosis had been transitory and had disap- 
peared at the time of autopsy. In order to provide a control for the extract 
used, 10 thyroidectomized guinea pigs were injected with extracts of either 
heart, kidney, or spleen. These extracts were identical in method of preparation 
and administration with those of the hypophyseal tissue. Six uninjected thy- 
roidectomized guinea pigs were added to the group which were injected with 
the control extracts. 

The extract used to produce an exophthalmos was prepared from the anterior 
lobe of beef pituitary glands by the method described earlier (10). Fifteen to 
20 mgm. of this preparation were injected subcutaneously per day for 60 to 70 
days. All of the injected animals were thyroidectomized 10 to 20 days prior 
to the first injection. The post-thyroidectomy period of the uninjected control 
animals was the same as that of the guinea pigs injected with pituitary gland 
extract. 

The average and range of body weights of the animals in the experimental 
and control groups were strictly comparable with the exception of those guinea 
pigs to which control extracts were given. 

Mernops. Since the amount of orbital muscle and fat in the guinea pig 


1 Aided by a grant from the Francis I. and Elizabeth C. Proctor Fund. A preliminary 
account of these experiments appeared in the Anatomical Record 76: 51, 1940. 
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is very small, the methods used to determine their lipid and water content 
necessarily differed from standard procedures. The animals were killed with 
illuminating gas, immediately decapitated, and bled so that extremely little or 
no blood remained in the orbital vessels. The orbital fat and the extraocular 
muscles, including the levator, were removed and placed in small glass stoppered 
weighing bottles. The fat, after any excess fluid had been absorbed with filter 
paper, was rapidly spread over the bottom of the bottle in a thin laver. The 
muscles were scattered singly on the walls of the bottle. The bottles and their 
contents were immediately weighed and then dried in vacuo over phosphorus 
pentoxide at 40°C. until the weights were constant (+0.1 mgm.). After the 
drying of the orbital fat the lipid was extracted with six or seven changes of 
anhydrous ether. The residue was then dried, weighed, and the extractions 
repeated. Due to the toughness of the fat no fragments were dislodged and lost 
in the ether extraction. Following the second series of extractions, the residue 
was dried to a constant weight and the loss in weight caused by the removal of the 
ether soluble material was taken as the weight of the lipid content of the fat. 
The largest component of the residuum was connective tissue. 

Since the amount of fat and muscle available from a single orbit was very 
small, duplicate analyses were impossible. However, determinations of the 
water and lipid content of the tissues from the right and left orbits of the same 
animals were found to agree closely, so that the methods used are believed to 
be adequate. 

In order to discover whether the changes induced by the injection of anterior 
pituitary extracts were limited to the orbital tissues, the water content of the 
peritoneal fat and of skeletal muscle was determined. The fat used in these 
experiments was taken from the dorsal aspects of the peritoneal cavity, around 
the adrenals, kidney, ureters and from the uterine mesentery. The mass of 
peritoneal fat was spread out thinly in a Petri dish, weighed, and then dried in 
the oven at 100°C. Approximately 20 grams of muscle, including most of 
the musculature of a fore and hind limb, the abdominal wall, and the psoas 
and scalene muscles were used. ‘These muscles were rapidly freed of surrounding 
fat and cut up coarsely with scissors. They were weighed in a Petri dish and 
dried at 100°C. until the weight was constant (+25 mgm). 

The degree of exophthalmos was determined, in addition to inspection and 
palpation of the globe in the living animal, by measuring, at autopsy, the pro- 
trusion of the globe from the orbit. After the head had been skinned and 
severed from the body, the distance from the limbus corneae to the edge of the 
bony orbit, at the supra-orbital notch, was measured with vernier calipers (the 
skull-limbus measurement). 

Resutts. Orbital tissues. The injection of extracts of the anterior pituitary 
glands produced a marked exophthalmos, as determined by the increase in the 
skull-limbus measurement from 3.8 mm. in the thyroidectomized control animals 
to 5.6 mm. in the exophthalmic animals (table 1)?. The weight of the orbital 


2 Ablation of the thyroid gland caused a slight increase (0.6 mm.) in the skull-limbus 
measurement. This effect has been consistent and is more marked in guinea pigs thy- 
roidectomized for very long periods. 
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fat and muscles of the latter was increased 115 per cent (P < 0.01)? and 33 per cent 
(P < 0.01) respectively. Data from the control series show that thyroidectomy 
or injection of the control extracts had no effect on the weight of the orbital 
fat or on that of the extraocular muscles. There was, however, an increase of 39 


TABLE 1 


Comparison of water and lipid content of the orbital tissues of control and exophthalmic 
guinea pigs 


| | 
ORBITAL FAT EXTRA-OCULAR MUSCLES 


NUMBER | SKULL- | BODY 
| | Total | Water | Lipid | Residue Total | Water | Residue 
A. Normal control group 
grams | mem. | mem. | mem. | mgm. | mem. | mem. % | mem 
7 3.2 | 546 | 43.1 | 24.8 | 14.9 | 3.3 | 78.8| 63.4 | 80.5 | 15.3 
| 18) 141 08 | 22). 2.71 @2 0.6 


B. Thyroidectomized, uninjected control group 


8 | 529 | 47.2 | 29.4 | 
19 | 1.8 | 


ow 


14.1 | 3.7 | 81.4| 66.1 81.2 
15] 02 | 25] 21] 02] 0.5 


C. Thyroidectomized, injected with anterior pituitary extract, exophthalmic 


| | $3.1 | 17. 


19 | 5.6 | 545 | 92.7 | 70.1 | 15.4 | 7.2 | 104.8] 87.2 
| 0. 1} 10] 0.4 | 2.9] 26) 0.3] 0.5 


15 18 | 5.3 


D. Thyroidectomized, injected with anterior pituitary extract, non exophthalmic 


81.7 | 16.9 


} | | j | | | 
9 | 3.6 | 538 | 60.2 | 40.0 | 14.5 | 5.7 | 92.5 | 75.6 7 | 
| 0.08} 38 | 3.2/ 22/ 21/03 | 46] 38 | 0.9 
E. Thyroidectomized, injected with control extracts 
Kidney | 
3 | 3.4, | 453 39.0 | 25.9 | 9.8 | 3.3 76.3 | 62.2 | 81.5 | 14.1 
Heart | | 
4 | 3.8 | 407 | 37.7 | 27.9 | 3.5 | 68.5] 56.2 | 82.0 | 12.4 
Spleen | | 
3 | 3.5 | 417 | 42.4 | 31.2) 7.3 | 3.9 | 81.6! 66.5 | 81.4 | 15.1 
Uninjected | | | 
6 3.8 429 | 36.7 | 25.6 | 7.9 | 3.1 | 75.1 | 60.9 | 81.0 | 14.1 
n(n — 1) 


per cent in the weight of the orbital fat and of 17 per cent in the weight of 
the extraocular muscles of the animals receiving anterior pituitary extract, 
but which did not become exophthalmic (table 1). 


3 “P”’ represents the probability that the difference between the two means is due to 
random sampling. 
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The water content of the orbital fat increased from 24.8 mgm. in the normal 
control animals to 70.0 mgm. in the exophthalmic animals. This tissue normally 
contains a large amount of water, but in the exophthalmic animals water 
accounts for 75 per cent of the weight. The water content of the extraocular 
muscles of these animals was also increased (37 per cent, P < 0.01). Ablation 
of the thyroid gland even when no extracts were injected caused some increase 
of doubtful significance (4.6 mgm.) in the water content of the orbital fat but 
none in the muscle tissue. Injection of the control extracts had no effect on the 
amount of water in either the orbital fat or muscles. However, the water 
content of the orbital fat of the animals which received pituitary extract, but 
which failed to become exophthalmic, was slightly increased over that of the 
thyroidectomized control animals (36 per cent). 

The data show clearly that the injection of the anterior pituitary or of the 
control extracts caused no increase in the lipid constituent of the orbital fatty 
tissue. In the control extract injected series it will be noted that the amount 
of lipoidal material is less than that from the animals in the untreated control 
groups (table 1 A, B and E.). This is presumably due to the use of smaller 
animals as recipients of the control extracts. 

The amount of fat tissue residue after the removal of water and lipids was 
increased from 3.3 mgm. in the normal controls to 7.2 mgm. in the exophthalmic 
animals. This increase was consistent and was highly significant statistically. 
The weight of the dry residue of the ocular muscles was also increased (15 per 
cent, P < 0.01) in the exophthalmic animals, but the extent of the increase was 
much less than that of the water. There was no increase in the dry tissue 
residue of either the orbital fat or muscle as a result of thyroidectomy or the 
injection of control extracts. Since both water and solid components increase 
in amount in normal muscle hypertrophy, the proportion of water in the extra- 
ocular muscles of the exophthalmic and control animals was determined. The 
data (table 1) show that the eye muscles of exophthalmic guinea pigs contained 
a higher percentage of water than did those of the various control animals. 
The difference in water content per unit weight, although small, was very 
consistent and therefore has a high degree of significance (P < 0.01). 

Non-orbital tissues. In contrast to the hypertrophy of the orbital fat 
caused by the injection of the pituitary extract, a decrease in the weight of the 
peritoneal fat was observed (table 2). Injection of the control extracts or 
thyroidectomy without the injection of extracts, however, did not change the 
amount of this fat nor the proportion of water in it relative to that of the normal 
controls. 

The peritoneal fat of the pituitary extract-injected exophthalmic animals 
contained 55 per cent more water than did similar fat of the thyroidectomized 
controls (table 2 C). This increase, though definite (P < 0.01), was much less 
than the increase of 138 per cent found in the water content of the orbital fat. 
There was no change in the water content of typical skeletal muscle (table 2) 
of these animals. The mean values obtained suggest that thyroidectomy 
followed by the injection of the hypophyseal extracts tended to increase the 
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is significant. 
eye muscles. 
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However, statistical analysis reveals that none of the differences 
This is in direct contrast to the marked increase in water in the 
It is noteworthy that the normal eye muscles contained more 


water than did the skeletal muscles with which they were compared. 


Injection 


of the control extracts was without effect on the skeletal muscle water content, 


TABLE 2 
Comparison of water content of the non-orbital tissues of control and exophthalmic guinea pigs 


PERITONEAL DEPOT FAT | 


NUMBER OF CASES BODY BODY MUSCLE WATER 


Water 

A. Normal control group 
grams 
15.2 
2.4 


per cent 
77.9 


0.4 


. Thyroidectomized, uninjected control group 


18 


78.5 
€u 0. 0.5 


C. Thyroidectomized, injected with anterior pituitary extract, exophthalmic 


2.8 | 


0.3 


79.2 


0.4 


16 


€u 


10.9 


D. Thyroidectomized, injected with anterior pituitary extract, non exophthalmic 


11.7 2.1 | 77.8 
2.0 6 | 0.6 


9 | 538 
38 


E. Thyroidectomized, injected with control extracts and uninjected controls 


Kidney | 
Heart 
Spleen 
3 
Uninjected 
6 429 


as shown by comparison with the appropriate controls. The slightly higher 
values obtained in this group were due, it is believed, to the use of younger and 
smaller animals (table 2 E). 

Discussion. The data obtained in this study show that the increased 
weight of the orbital fat of exophthalmic guinea pigs is due almost entirely to 
an excessive accumulation of water in this tissue. This increased weight of 
the orbital fat, therefore, is not the result of a true hypertrophy, since the main 


oo 
( 
| 
i 
| 
grams | 
11 565 
€y 34 
517 
18 
78.7 
79.6 
80.1 
80.2 
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cellular constituent, the fat cells, remains unchanged in amount as judged 
by the weight of the ether soluble lipids. Since there was no increase in lip- 
ids, it may be assumed that the framework of the fat cells did not increase in 
amount. Histological studies have shown an increase in the connective tis- 
sue in the orbital fat of exophthalmic animals; therefore it seems probable 
that the increase in weight of the “residue” fraction of the orbital fat tissue 
was almost entirely the result of connective tissue proliferation. 

Since there was no increase in the total weight of the peritoneal fat of the 
exophthalmic animals, the high percentage of water in this tissue must have been 
obtained at the expense of either the lipid or connective tissue framework. These 
changes were without effect on body weight. The increase in water content 
of the peritoneal fat suggests that the edema of the orbital fat in experimental 
exophthalmos is an extreme example of a condition which is, however, not 
entirely restricted to the orbit. 

The water content of the peritoneal fat was more variable than that of the 
orbital fat. This may have been due in part to the greater range in weight 
of the peritoneal fatty depots, since the smaller fat deposits contained propor- 
tionately more water than did the larger ones. This relationship is illustrated 
by the data on the water content of the peritoneal fat of the two uninjected 
thyroidectomized control groups (table 2 B and E). It is also evident that the 
water content of the orbital and peritoneal fatty tissue of normal guinea pigs 
differs greatly (peritoneal fat 11 per cent water and orbital fat 57 per cent 
water). A structural basis for this difference exists, for examination of sections 
of these tissues has shown that the orbital fat of normal and thyroidectomized 
guinea pigs possesses a large amount of loose connective tissue which contains 
an appreciable quantity of interstitial fluid. The fatty tissue which lies about 
the kidney and in the uterine mesentery, however, has very delicate septa, con- 
taining no observable interstitial material. 

Hypertrophy of the extraocular muscles has been found to occur in both clini- 
cal and experimentally produced exophthalmos. Histological examination 
has shown that the eye muscles from such cases were extremely edematous 
(3, 6, 13). The present data demonstrate that nearly all of the increase in 
weight of the eye muscles of exophthalmic guinea pigs was due to an increase 
in the water component. However, there was a slight increase in the dry muscle 
residue, which suggests that some of the water increase was simply the result 
of muscle growth. This is in agreement with those experiments in which it has 
been demonstrated that the proptosis itself causes a hypertrophy of the eye 
muscles, presumably in response to the greater work required of them as re- 
tractors of the bulb (11). However, the percentage of water content was higher 
in the eye muscles of the exophthalmic guinea pigs, indicating that the increase 
in weight of these muscles was not entirely due to a simple growth hypertrophy. 

Since no similar change in the percentage of water in the skeletal muscles 
was found, the edema of the eye muscles in exophthalmos appears to be a more 
localized reaction than the similar change in fat tissues. It is noteworthy 
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that the data on water content of skeletal muscles were based on pooled speci- 
mens of many muscles, some of which may have had an increased water content, 
as did the eye muscles, but which were insufficient in mass to affect the total 
value. There are at present no histological data available which suggests that 
the pathological state of the eye muscles in experimental exophthalmos represents 
a more general condition, excepting a reference by Paulson (8) to changes in the 
orbicularis oculi of exophthalmic guinea pigs. Examination of sections of 
diaphragmatic muscles of exophthalmic guinea pigs in our experiments has not 
revealed any abnormalities. 

It is presumed that the cause of the increase in water content is the same in 
both fat and muscle. An increased vascular permeability may possibly be the 
factor immediately responsible for it. That contraction of Miiller’s orbital 
muscle or growth of the harderian gland does not cause the edema by inter- 
ference with the vascular drainage of the orbit has been shown in earlier experi- 
ments (12). The finding that the water content of non-orbital tissues is also 
increased may be correlated with clinical observations of localized edema in 
non-orbital tissues of persons with exophthalmos (2, 4, 5). 


CONCLUSIONS 


1. Injection of an extract of anterior pituitary glands into thyroidectomized 
guinea pigs causes an exophthalmos and a hypertrophy of the orbital fat, 
which is almost entirely due to an increase in the water content of this tissue. 

2. No change occurs in the lipid content of the orbital fat of these exophthal- 


mic animals. 

3. There is a marked increase of connective tissue in the orbital fat of exoph- 
thalmic guinea pigs. 

4. The hypertrophy of the extraocular muscles which occurs in experimentally 
produced exophthalmos is largely caused by an increase in the water component. 
Some of the increase in water, however, is apparently due to normal growth. 

5. The percentage of water found in pooled specimens of skeletal muscle of 
exophthalmic guinea pigs is not significantly greater than that in muscles from 
normal and thyroidectomized control guinea pigs. 

6. In contrast to the orbital fat, the peritonea! fat depots do not increase in 
weight in exophthalmic animals, but the injection of anterior pituitary extract 
into thyroidectomized guinea pigs causes an increase in the water content of 
the peritoneal fatty tissues. 

7. The orbital fat contained much more water than the peritoneal fat in 
normal and thyroidectomized guinea pigs. 

8. Ablation of the thyroid gland had no effect on the weight of the extraocular 
muscles, orbital and peritoneal fat, or on the water content of the muscles and 
peritoneal fat, but did cause a slight increase in the water component of the 
orbital fat tissue. 


I wish to express my appreciation to Miss Victoria Ozanics for her able as- 
sistance in this study. 
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When striated muscle contracts in the presence of an inadequate oxygen 
supply, the accumulation of lactic acid is accompanied by a loss of phospho- 
creatine (PC) and an accumulation of inorganic phosphate. At high rates of 
contraction there is also an accumulation of hexosemonophosphate (HMP). 
The amount of adenosine triphosphate (ATP) usually does not change. In 
mammalian muscle contracting with normal blood supply, these phosphate 
changes apparently stop when the oxygen supply becomes adequate (3, 11). 

The Embden-Meyerhof formulation of phosphorylating glycolysis, based on 
studies of enzyme systems in cell-free extracts, postulates a large number of 
phosphate interchanges between these compounds and numerous others which 
have been found only in such extracts, as integral parts of the formation of lactic 
acid. An alternative formulation has been presented (9) in which only the 
phosphate changes actually observed are considered to take place. According 
to this, the hydrolysis of the potassium salts of PC furnishes alkali to buffer the 
lactic acid, and the formation of HMP is interpreted as a secondary mechanism 
for supplying energy under anaerobic conditions when the glycolytic mechanism 
is insufficient. 

Still a third formulation has recently been proposed by Needham et al. (6). 
This is based on the finding by Engelhardt and Ljubimova (2) that myosin acts 
as an enzyme in hydrolyzing ATP to adenosine diphosphate and inorganic 
phosphate. Needham and his co-workers have attempted to link the chemical 
and physical processes in contraction, by postulating the formation of myosin 
phosphate in this‘reaction, with the myosin in the extended state. In the con- 
traction processes, the nerve impulse is considered to cause the liberation of 
inorganic phosphate from the myosin compound, with return of the myosin to 
the contracted state, and corresponding contraction of the muscle fibril. The 
ATP is then restored by some phosphate donor. Several possible donors are 
mentioned, but since PC is the only one present in quantity, this must be the 
ultimate source of phosphate for this resynthesis. Some other unspecified reac- 
tion process must then resynthesize the PC from inorganic phosphate. 

Obviously, the over-all changes in the contracting muscle do not give any 
information on possible intermediate steps. On the other hand, before either 
the Embden-Meyerhof or Needham formulation can be accepted as valid, it is 
desirable that direct evidence for such interchanges of phosphate groups be found 
in the intact muscle. The use of radioactive phosphorus (P*) as a tracer offers 


1 Supported in part by a grant from the John and Mary R. Markle Foundation. 
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the means of determining whether such interchanges do take place, if conditions 
can be found in which the resting metabolism of muscle results in a differential 
distribution of P** among the various organic compounds. If the Embden- 
Meverhoi cycle is operating in contraction, then stimulation should result in 
equalization of the distribution of P®* among the three organic compounds; if 
the mechanism postulated by Needham is active, an equalization should take 
place between the PC and ATP. On the other hand, if neither set of phosphate 
interchanges is involved in the contraction process, stimulation should not 
effect any such equalization in the distribution of the P®. 

In previous experiments using the tracer technique (8) it was found that a 
prolonged tetanic contraction under essentially anaerobic conditions did not 
affect the distribution of the P*. However, evidence was obtained (10) that the 
course of resting muscle metabolism does involve interchanges of phosphate 
groups between PC, the two labile groups of ATP, and inorganic phosphate. It 
was therefore concluded that the phosphorylating glycolysis should be referred 
to the resting metabolism of muscle rather than to the metabolism of anaerobic 
contraction. 

These findings do not exclude the possibility of such phosphate interchanges 
during oxidative contraction, without any over-all changes in phosphate dis- 
tribution. To test this possibility, the effect of a prolonged series of single 
twitches on P* distribution was determined. The experiments were performed 
on cats under pentobarbital anesthesia. The solution containing the P® in 
the form of NasHPO, was injected subcutaneously, and the stimulation per- 
formed two hours later. Previous work (10) had shown that this time is opti- 
mum for obtaining a differential distribution of the P®. One gastrocnemius 
muscle was subjected to 120 to 180 isometric twitches, by condenser discharges 
through the nerve, at the rate of 1, 2, or 3 per second for 1 or 2 minutes. This 
muscle and the companion resting muscle were then frozen, and the phosphate 
compounds isolated from trichloroacetic acid filtrates by the methods used 
previously (10). Measurements of relative radioactivity were made by a 
Geiger-Miiller counter. The effect of the stimulation on the contents of in- 
organic phosphate, PC, ATP and HMP was also determined. In the table 
below these data are given, with the figures for P content of the stimulated 
muscles corrected for the uptake of water from the blood stream during the 
stimulation period. This was done by multiplying the observed values in milli- 
grams per cent, by the ratio of total acid-soluble P of the resting and stimulated 
muscles. 

The results show no evidence for phosphate transfers resulting from the 
stimulation. In every case in which the resting muscle shows an unequal dis- 
tribution of P*? between any two of the organic compounds, this unequal distri- 
bution is retained in the companion stimulated muscle. The only changes in 
P®? distribution are those indicated by the changes in distribution of the total P. 
Thus neither in anaerobic contraction nor in contraction under oxidative condi- 
tions is there any evidence for either the Embden-Meyerhof or the Needham 
cycle of phosphate interchanges. These data add considerable weight to the 
conclusion previously indicated (10), that there is a qualitative difference in the 
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pathways of carbohydrate utilization in resting metabolism and in contraction. 
Other data in support of this view are the finding (7) that the point at which 
iodoacetic acid inhibits lactic acid formation in anaerobic contraction is different 
from that at which the reactions in extracts are inhibited, and the important 


TABLE 1 
Effect of repeated isometric twitches on distribution of P®? and of total P in muscles of cats 
In each space the upper figure represents radioactivity, as counts per minute per milli- 


gram of P. Lower italicized figure gives P content in milligrams per cent. R = Resting 
muscle. S = Stimulated muscle. 


| 
ADENOSINE | STIMULATION 
INORGANIC PHOSPHO- TRIPHOSPHATE | HEXOSEMONO- 
os. 
P CREATINE re | PHOSPHATE Rate per Duration 
| second minutes 


156 
37 


observation by Stannard (12) that azide inhibits completely the excess oxygen 
uptake by frog muscle resulting from contraction, in concentrations which do 
not affect the oxygen uptake of resting muscle. 

In the previous experiments (8) no account was taken of the possible difference 
in P® content of extracellular and intracellular inorganic phosphate. Attention 
has been called to this by two reviewers (4, 5). However, the essential conclu- 


1R 565 | 99 | | 260 | 
| 24 | 70 | 9 | 
1s 1 | 2 
2R | 530 | 51 83 | 
| 23 | 49 42 12 | 
28 385 82 157 72 
| 4 | | 
| 17 | 61 26 10 | 
3S | 87 47 1 2 
| 
| 27 61 38 10 
| | 
48 | 33 95 l 
jerk 28 | 
| 18 58 | 38 | 
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sion indicated in that paper is not invalidated, for there too it was found that 
contraction did not modify the P® distribution between any two of the organic 
compounds. The study of resting muscle with this tracer (10) has shown that 


inorganic phosphate enters into the intracellular inorganic phosphate only by 


hydrolysis of PC or ATP formed at the membrane. Hence the level of P® in 
the intracellular inorganic P does not exceed that in PC or ATP. The interpre- 
tation there given has been strengthened by the results of Bollman and Flock (1 
They found that in rats treated with P® the resynthesis of PC in recovery trom 
contraction did not raise the P** level of the PC beyond that of the resting muscle. 
The very high P* content of the muscle inorganic phosphate is therefore aserib- 
able to the extracellular phase and the unavoidable inclusion of some blood in 
the muscle sample. 

In agreement with the finding of Bollman and Flock, the present data show no 
evidence for an increased uptake of P® during the stimulation period. This 
point again argues against the view that the phosphate interchanges are a 
fundamental part of the metabolism of contracting muscle. 

The point of view here presented does not in any way invalidate the experi- 
mental finding of Engelhardt and Ljubimowa that myosin is the enzyme which 
hydrolyzes ATP. Since there is obviously a breakdown and resynthesis of ATP 
in resting metabolism, the experimental data show that such an enzyme is 
operating in resting metabolism. However, this observation, which seemed at 
first to offer a link connecting the chemical and physical processes in contraction, 
fails to meet the test of experiment. 

The radioactive phosphorus used in these experiments was supplied by the 
Department of Physics of the University of Michigan. 


SUMMARY AND CONCLUSIONS 


1. The effect of a prolonged series of twitches on interchanges between the 
phosphate compounds of muscles has been studied by means of radioactive P. 

2. Such contractions, under essentially oxidative conditions, do not bring 
about interchanges between phosphocreatine, adenosine triphosphate, or 
hexosemonophosphate. 

3. Under these conditions, the contraction process does not result in any 
increased exchange of intracellular phosphate groups with plasma inorganic 
phosphate. 

4. The evidence obtained indicates that neither the Embden-Meyerhof phos- 
phorylating glycolysis nor the enzyme function of myosin are concerned directly 
with the chemistry of muscular contraction. 
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When man is subjected to high environmental temperature a series of physi- 
ological adjustments occurs which reduces the debilitating effects of the heat. 
The major adjustments take place during the first few days in the heat (1 
Heat acclimatization is obviously lost in a cool environment but the rate at which 
this happens seems to be little known. A survey of the available literature has 
failed to reveal any reports specifically concerned with this problem. The per- 
sistence of heat acclimatization is of importance in many practical situations, 
notably in military operations. 

This paper is a report on 4 series of experiments involving 24 men who were 
studied at high temperatures on two occasions from 1 to 4 weeks apart. The 
environment, physical work, and diet were rigidly controlled. 

Subjects. The subjects were normal young college students free from physical 
defects that might influence cardiovascular adjustments. Ages ranged from 19 
to 28 years. 

The subjects remained continuously in the air-conditioned suite at the Labora- 
tory from the afternoon preceding each exposure to high temperatures to the end 
of each experiment. During the 1 to 4 week intervals between exposures to the 
heat the subjects were not at the Laboratory. The experiments were performed 
during the winter months so that the subjects encountered high temperatures 
only during the experiments. 

Procepure. A standard regimen of observations, physical work, rest and 
diet was maintained in the 4 series. The length of the intervals between ex- 
posures to the heat was 1 week in series I, 2 weeks in series II, three weeks in 
series III and 4 weeks in series IV. 

For each experiment the routine consisted of work during two successive after- 
noons at 78°F. followed by two full days of work at temperatures of 110°F. in 
the mornings and 120°F. in the afternoons. Night temperature was 85° to 
90°F. Relative humidity was held constant at 20 to 25 per cent saturation. 

The physical work consisted of walking on a motor-driven treadmill at a con- 
stant rate of 3.25 miles per hour and a 7.5 per cent angle of climb. Work of this 
intensity demands an oxygen consumption at about 7 times the basal rate. 
Each half day’s work, consisted of 6 ten-minute work periods alternating with 
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When man is subjected to high environmental temperature a series of physi- 
ological adjustments occurs which reduces the debilitating effects of the heat. 
The major adjustments take place during the first few days in the heat (1). 
Heat acclimatization is obviousiy lost in a cool environment but the rate at which 
this happens seems to be little known. A survey of the available literature has 
failed to reveal any reports specifically concerned with this problem. The per- 
sistence of heat acclimatization is of importance in many practical situations, 
notably in military operations. 

This paper is a report on 4 series of experiments involving 24 men who were 
studied at high temperatures on two occasions from 1 to 4 weeks apart. The 
environment, physical work, and diet were rigidly controlled. 

Subjects. The subjects were normal young college students free from physical 
defects that might influence cardiovascular adjustments. Ages ranged from 19 
to 28 years. 

The subjects remained continuously in the air-conditioned suite at the Labora- 
tory from the afternoon preceding each exposure to high temperatures to the end 
of each experiment. During the 1 to 4 week intervals between exposures to the 
heat the subjects were not at the Laboratory. The experiments were performed 
during the winter months so that the subjects encountered high temperatures 
only during the experiments. 

ProcepurE. A standard regimen of observations, physical work, rest and 
diet was maintained in the 4 series. The length of the intervals between ex- 
posures to the heat was 1 week in series I, 2 weeks in series II, three weeks in 
series III and 4 weeks in series IV. 

For each experiment the routine consisted of work during two successive after- 
noons at 78°F. followed by two full days of work at temperatures of 110°F. in 
the mornings and 120°F. in the afternoons. Night temperature was 85° to 
90°F. Relative humidity was held constant at 20 to 25 per cent saturation. 

The physical work consisted of walking on a motor-driven treadmill at a con- 
stant rate of 3.25 miles per hour and a 7.5 per cent angle of climb. Work of this 
intensity demands an oxygen consumption at about 7 times the basal rate. 
Each half day’s work, consisted of 6 ten-minute work periods alternating with 
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Standard clothing of cotton shorts, shoes and socks 
was used for work and one-piece U. 8. Army Armored Force battle dress (cotton 
drill) was used during the evenings. 

Pulse rates were counted before and during the first 15 seconds immediately 
after each work period. Rectal temperatures were taken with a clinical ther- 
mometer for the first 90 seconds after the third and sixth work period each morn- 
ing and afternoon. Cramptom (2) “blood ptosis” tests were made before and 
after each days’ work. Body weights were recorded each morning before 
breakfast and with an empty bladder. The subjects were weighed to +} ounce 


nude and dried before and after the third work period each morning and the sixth 


ten-minute rest periods. 


TABLE 1 


The grand averages of the physiological variables measured in the four series of experiments 
for the 1st and 2nd exposures to the heat 


WORK PULSE RATE-BEATS/ 
MIN. 


RECTAL TEMPERATURE, °F. CRAMPTON SCORE* 


T 


ROOM TEMP. 78° | 110°} 120° | 110° | 120° 78° 11¢ 


120° | 110° | 120° | 78° | 90° | 120°! + 


F. 


p.m. | p.m. a.m, p.m. | 


Series I ee 
Istexposure.. 112 
2nd exposure.| 109 
Series II 


136 100.3 
126/100. 2! 


145 
132) 


99 


.91100.5 
99. 


99.6 100.4) 71 | 71 | 56) 
99.5, 99.9 67 | 58 65. 


| 


| 


7100.1 


| 66 | 44 


| 77 | 52 


| 
22) 140/100.1) 
125) 99.9 


109 
116 


139) 
123 


99.7 100.4) 
99.6) 99.9) 


99.8)100.4 
99.6 100.1 


lst exposure 

2nd exposure 
Series III 

Ist exposure 

2nd exposure 
Series IV 

lst exposure 

2nd exposure 


66 


76 | 46 | 
71 | 49 


155 100.1100. 
142 100.2 100. 


117 
112 


151 
149) 


6 
3 101.0/100.3 100.8 


75 


69 | 
79 64 | 44 | 
63 | 65 | 46 


-3 100.5, 100.2 100.4 
.8 100.3 99.6100.4 


137 99.9 100 
142 100.1 99 


116 
113 


140 
139 


* A higher score means a better adjustment. 


work period each afternoon for rates of sweating. Twenty-four hour urine 
output and fluid intake volumes were recorded for the two days in the heat. 

A constant diet was provided by a trained dietitian for three days preceding 
and during each experiment. The diet contained about 3,100 calories and was 
normally balanced in carbohydrate, protein and fat. It was adequate according 
to current standards in all the vitamins and provided 15 + 2 grams of sodium 
chloride daily. Water was allowed ad lib. 

Resvutts. The grand averages for the physiological variables measured and 
the statistical evaluation of the mean (t-values, Goulden, 3) are given in tables 1 
and 2. Each half day’s pulse rate represents the average of from 24 to 48 
individual work pulse rate counts. Similarly the rectal temperature values for 
each half day represent the average of 12 to 24 determinations. 

The work pulse rates were significantly lower on the second exposure for both 
the first and second afternoons in the heat in series I and II. In series III the 


| 
te 
p.m. | a.m. | p.m. | a.m. p.m. | p.m. | a.m. | p.m. | a.m ‘Sin. p.m. 
| 
127 70 63 
123 117 69 (66 
140 134 64 | 64 
| 54 | 
136 128 54 61 
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advantage of having been partially heat acclimatized three weeks previously 
showed up only on the second afternoon in the heat. For the four week interval 
(series IV) there was no hold-over efiect. The morning work pulse rates in the 
heat and the afternoon values at normal temperatures (78°F.) were not signifi- 
cantly different between the first and second exposures in any of the series. 

The rectal temperatures exhibit the same progressive decline in hold-over 
effect as do the work pulse rates. The rectal temperature differences are signifi- 
cant for both the first and second afternoons in the heat when the interval 
between exposures is only one week (series I). The two and three week interval 
groups (series II and III) are improved on either the first or second afternoon 
in the heat but the four week group (series IV) was not improved on the second 
exposure. 

In general the Crampton test demonstrated no benefit derived from a previous 
exposure to heat except on the first afternoon in series I. Even though the t- 


TABLE 2 


t-values for the differences between the means of the physiological variables for the two exposures 
to the heat on the 1st and 2nd afternoons 


A negative t-value indicates a higher mean obtained on the second exposure to the heat 


WORK PULSE 


| RECTAL TEMP., °F. CRAMPTON SCORE 
ist p.m. | 2nd p.m. Ist p.m. p.m. Ist p.m 2nd p.m. 1% level/5% level 
Series I. : 5.613 | 7.752 | 3.279 | 3.333 | —2.388 | —1.01 3.50 2.36 
Series II ..| 3.543 | 6.122 | 4.10 | 1.957 | —0.959 | —0.364 4.60 | 2.78 
Series IIL... ve 2.05 5.312 | 0.653 | 5.085  —0.421 —1.879 | 3.71 | 2.45 
Series IV 0 1.935 0.649 —0.452 0.322 | 5.84 | 3.18 


values are not significant there is, however, a progressive trend toward a lower 
t-value as the interval between the two exposures to heat is greater. The Cramp- 
ton test has previously been found to be a less sensitive index of the state of 
acclimatization than are the work pulse rates and rectal temperatures (1, 4). 

The grand averages for the observations on water balance during work in the 
heat are given in table 3. There was no significant difference or trend in the rate 
of sweating during work, fluid intake, urine output or weight loss between the 
first and second exposure to the heat in any of the 4 series. The absolute values 
are about the same as those observed by the authors in other studies when the 
work output and temperatures were comparable. It is, however, interesting that 
in series I and II the calculated total sweat volume was nearly 14 liters less during 
the second exposure to the heat. In series III it was only slightly decreased 
while in series [V it was 4 liter greater. 

Discussion. We have noted the absence of previous reports on the persistence 
of heat acclimatization. In the popular press there have been statements that 
German troops destined for hot weather service in the African deserts were 
“conditioned” in heated buildings in Germany. From the present results it is 
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clear that such preparation might be of real value even though as long as several 
weeks elapsed between acclimatization in Germany and the operation in Africa. 


TABLE 3 


Average values for water balance during the two days in the heat 


| RATE OF SWEATING, GRAMS/MIN. 
“ALCU I 
WATER URINE BODY ALCULATED 
INTAKE WEIGHT TOTAL 
110°F., 120°F CHANGE SWEAT* 
a.m. | p.m. 


liters | liters | ounces 
Series I 
Ist exposure.......| 9.3 2. x 2. 9.713 .669 +6 8.700 
2nd exposure...... 9.£ 4 8 3. 9.841 | 2.300 +324 .390 
Series II | | 
lst exposure 6 | 2 | 12:2] 10.110 | 2.477 
2nd exposure...... 8.4 8. 12. .630 5.343 
Series III 
lst exposure m4 2 3.2 | 14. 9.937 ‘ .382 
2nd exposure...... 2. “ 13. .009 | 2.829 4 8.839 
Series IV 
Ist exposure..... 9.8 | 12. at: 13. 9.539 
2nd exposure...... 9.7 | 11.2 | 10.1 | 12.2 9.842 | 


722 


| 


.640 
. 952 


‘ 
‘ 


* Total sweat = (water drunk + water in food + water of metabolism) — (urine output 
+ water in feces + water in expired air) + (body weight change during the two days in 
the heat). 


TABLE 4 


The number of individuals showing a change in physiological variables between the two ex- 
posures to the heat on the 1st and 2nd afternoons of work 


WORK PULSE RATE RECTAL TEMPERATURE 
CHANGE GREATER THAN CHANGE GREATER 
5 BEATS/MINUTE THAN 0.2°F. 


RAMPTON SCORE CHANGE 
GREATER THAN 5 


In- No | De- | In- No De- In- No | De- 
crease | change | crease | crease | change | crease | crease | change | crease 


Series I 
lst p.m. heat.... 
2nd p.m. heat. . 
Series II 
Ist p.m. heat.. 
2nd p.m. heat ; 
Series III 
Ist p.m. heat.. 
2nd p.m. heat 
Series IV 
lst p.m. heat..... 
2nd p.m. heat. 


| 
| 
| 


We have no information as to the persistence of acclimatization after a first ex- 
posure of less than or more than the 2-day period used here but it may be pre- 
sumed that a longer exposure might result in somewhat more persistent ac- 


hall 
4 3 1 
5 | 0 0 | 5 2 2 1 
4 2 1 
| | 
1 1/0 3 2 1 1 
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climatization. Another question of interest would be the possible accumulation 
of ability to acclimatize to the heat through repeated exposures. 

Individuals differ markedly in their response to work in heat but individual 
variations were not prominent in these studies on persistence of heat acclimatiza- 
tion. Table 4 gives the number of individuals in each series who showed a 
change in the physiological variables between the first and second exposures to 
heat. ‘Real’ differences were arbitrarily considered to be changes of 5 beats per 
minute for work pulse rate, 0.2°F. for rectal temperature and 5 points for the 
Crampton score. Work pulse rate is the most sensitive index of the condition of 
the subject in the heat. The uniformity of behavior of this variable in the several 
subjects is notable in the first 3 series. The rectal temperature is less reliable and 
the Crampton test is the least consistent variable studied. 

The detailed nature of the changes in acclimiatization to heat is unknown but 
they are exhibited largely in cardiovascular effects and the principal components 
are the heart, the blood volume, and the constriction and dilatation of the ap- 
propriate blood vessels. Presumably these are of increasing importance in the 
order named. Accordingly it would seem that the autonomic nervous system 
dominates the picture. 


SUMMARY 


1. The performance of muscular work in dry heat was studied in 24 normal 
young men. The diet, environment and work routine were carefully controlled 
during the stay in the heat. 

2. Comparisons were made between the performances in the heat on two oc- 
casions of 2 days each separated by from 1 to 4 weeks of cold weather. 

3. Work pulse rates, rectal temperatures and, to a lesser degree, vasomotor 
stability tests showed that heat acclimatization persists during at least three 
weeks of cold weather. The benefit conferred by this acclimatization is im- 
portant for this time but the advantage decreases from week to week. 
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The use of an autoclaved pectin solution as a blood substitute has been advo- 
cated by Hartman and associates (1) on the basis of its colloidal osmotic pressure 
and its capacity to restore effective circulating volume and arterial pressure after 
hemorrhage and experimental procedures causing shock. 

This report is concerned (a) with the question whether such solutions adminis- 
tered after standard periods and degrees of posthemorrhagic hypotension prevent 
the development of an irreversible state, and (b) with an analysis of hemic and 
hemodynamic actions following their use under such conditions. 

Preparation. A 1.5 per cent solution of autoclaved pectin kindly supplied by 
Frederick Stearns & Co., Detroit, was used in these experiments. Various 
shipments were stated to have a viscosity of 3.58 to 4.86, and osmotic pressures 
between 67 and 68.7 em. H,O. The micellar aggregate size was about 60,000. 
In some experiments solutions with a pH of 3.68 to 3.9 were brought to 6.9 to 
7.2 by phosphate buffers recommended by Hartman et al.; in other experiments a 
buffer supplied with the pectin and containing glycine, lactate and sodium hy- 
droxide was added in recommended amounts. These brought solutions to a pH 
of 6.6. 

Part Il. The substitute value of pectin solutions. Since conclusions as to the 
substitute value of a solution depend not only on its properties but also on the 
conditions under which it is tested, the procedure used and the reasons for its 
adoption must be briefly stated. 

Dogs anesthetized with morphine and biologically standardized doses of 
sodium barbital (2) were bled at a rate of 50 ml./min. until mean arterial pres- 
sure was reduced to 50 mm. Hg. Any tendency to increase was neutralized 
by bleeding a little more from time to time. In this way, a 50 mm. hypotension 
period was maintained in different animals from 30 to 120 minutes. If no infu- 
sion was given after 30 minutes, arterial pressures failed to recover. If, however, 
the animal’s own blood (heparinized) was infused after 90 minutes of such hyper- 
tension, 90 per cent of animals recovered. Indeed, the small percentage of 
deaths can probably be accounted for by failure fully to prevent certain hazards 
in the drawing and keeping of such blood (inadequate heparinization, faulty 
filtration, ete.). Not only was aortic pressure restored but the pressure pulses 
maintained a normal form for 6 to 8 hours after such infusions. With such 
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actions of a presumably ideal transfusate after large hemorrhages, the effects of 
autoclaved pectin solutions were compared. 

The procedure was chosen 1, because previous experiments (3) indicated 
that any damaging influence of severe hemorrhage is correlated better with the 
degree and duration of the hypotension induced than with the quantity of blood 
withdrawn, even when bleeding occurs at constant rates, and 2, because it afforded 
variable periods for development of the damaging effects of a standard hypoten- 
sion. Furthermore, since a good blood substitute should not merely restore and 
maintain the effective circulating volume and arterial pressure, but should also 
prevent the development of an irreversible state under conditions in which the 
animal’s own blood does so, this method seems to offer a test which is more nearly 
comparable with situations arising in practice than procedures in which blood is 
immediately replaced after a hemorrhage. It seems highly improbable that, in 
practice, a large hemorrhage can be checked and a transfusion given in less than 
the minimal interval of 30 minutes used in these experiments. 

Results. In various experiments pectin infusions were given at a rate of 3-5 
ml./min. after existence for 30, 50, 90 or 120 minutes of a 50 mm. post-hemor- 
rhagic hypotension. Even faster rates of infusion were tolerated by normal 
animals without adverse effects, as revealed by optical pressure curves and elec- 
trocardiograms. Nor were gross pathologic disturbances seen in any organ 
at autopsy. 

Thirty-two dogs, exclusive of controls, were used. In 19 of these, the volume 
of pectin solution practically equaled the volume of blood withdrawn; in 7 it 
was about 65 per cent of the blood lost. In 6 dogs, 80 per cent of the blood was 
replaced by pectin and this was immediately followed by an infusion of 20 per cent 
of the animal’s own heparinized’ blood. 

Of the 32 dogs, 10 recovered from pectin infusions, 17 died from a precipitate 
type of circulatory failure and 5 after a delayed failure. A ‘“‘breakdown” of 
these results is of interest. In 1 experiment the infusion was started after two 
hours of 50 mm. hypotension; in 3, after 90 minutes and in 7, after 40 to 49 
minutes. All of these animals died quickly. In 3 animals which developed a 
precipitate shock following pectin infusions, the animal’s blood was reinfused. 
This only revived the animals temporarily. This is additional evidence that an 
irreversible state had developed despite infusion of pectin solutions. On the 
other hand, of the 19 animals in which infusion began after 30 minutes of hypo- 
tension, a satisfactory dynamic recovery of the circulation occurred in 11 while a 
precipitate or delayed circulatory failure occurred in 8 dogs. It seems apparent 
that the usefulness of autoclaved pectin solutions after severe hemorrhage is 
restricted to the early periods of hypotension which follow. 

For this reason, only the latter experiments merit further analysis. Details 
of these are given in table 1 and plots of representative experiments illustrating 
circulatory recovery, delayed and precipitate circulatory failure are shown in 
figures 1,2 and3. In 6 experiments in which smaller blood transfusions followed 


3 We are indebted fo Roche-Organon, Inc., Rahway, N. J. for the Liquaemin used in these 
experiments. 
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FIG.3 

Fig. 1. Circulatory recovery. 

Fig. 2. Delayed circulatory failure. 

Fig. 3. Precipitate circulatory failure. Plots in all indicate 1, amount and rate of blood 
withdrawn (downstroke) and volume and rate of pectin infused in milliliters; 2, mean 
arterial pressure in millimeters of mercury; 3, effective venous pressure in centimeters 
saline; 4, hematocrit readings as percentage of red cells. Below segments of central pres- 
sure pulses taken at times indicated by arrows and in figure 3 an e.c.g. 


328 


i 


4 iF 2 3 4 5 6 
ao 
| 
FIG. | 
| 
‘ 
so-j - --- -}-----}-.--- PTA 2 
20 
Lf 2 3 4 
Fo 
200 
400 
40 
ae 30 é 
A 
a = 


PECTIN SOLUTIONS AND POSTHEMORRHAGIC HYPOTENSION 329 


use of pectin certainly no incompatibilities developed; on the contrary, these 
infusions appeared to be beneficial. 

Part II. Hemic effects of pectin solutions. Small samples of arterial blood 

were drawn periodically to study blood changes. Rapid sedimentation rates 
and pseudoagglutination (microscopic and macroscopic evidence of clumping) 
were found in blood mixed with pectin in the body as well as in vitro. However, 
no postmortem evidence of stasis, congestion, infarction, etc., was found in 
survival animals. Animals that went into shock usually revealed duodenal 
mucosal changes which were similar to but paler than those of animals dying 
without such infusions (3). 
’ As shown in the plots of figures 1, 2 and 3, the arterial hematocrit readings 
were reduced after a 30 minute period of hypotension, as anticipated. In 
a few cases (expts. 2, 13, 14, 15, fig. 1, columns 1, 2) the decrease may not have 
been significant and in two instances (expts. 1, 18) an apparent concentration 
occurred. These few exceptions bring up the question whether stock animals 
used for such experiments are always in an adequately hydrated state. In three 
animals (expts. 6, 7, 8), the spleen was exteriorized and while emptied of its blood 
by a small dose of epinephrine, its pedicle was clamped. In all of these animals, 
hemodilution occurred after hemorrhage, indicating that this organ is not re- 
sponsible for changes observed after hemorrhage. These observations are suffi- 
cient to indicate that at the time pectin solutions were injected, a state had not 
been reached when fluid was leaving the circulating system; on the contrary, 
the flow of water seemed to be toward the blood stream. 

The effects on hematocrit readings 3 to 5 minutes after recirculation of the 
infused pectin and at the end of 4 to 6 hours are shown in figures 1, 2 and 3 
and in columns 3, 4 of table 1. The first serves as a rough index of the effective 
dilution due to the injected solution itself; the latter gives some idea as to 
osmotic capacity for attracting water exerted by colloidal pectin a few hours 
after infusion. In each of the experiments in which pectin only was injected 
(expts. 1-13) a tremendous additional dilution occurred at once. Red cell 
volumes decreased 13.9 to 19.3 per cent in all except the three splenectomized 
animals in which they decreased only 6, 8.6 and 8.4 per cent respectively. Curi- 
ously, an equal or even greater reduction occurred in the five experiments in 
which an infusion of some blood followed use of pectin solutions (expts. 15-19). 

Many plots similar to those of figure 1, 2 and 3 showed, with few exceptions, 
that no further reduction in hematocrit values occurred, and at the end of 4 to 6 
hours they increased gradually. Of course, the readings were much less than at 
the beginning (cf. columns | and 4, fig. 1). The significance of such observations 
must be tempered by the knowledge that animals under morphine and barbital 
ordinarily show a progressive hemoconcentration of even greater magnitude (4). 
However, if injected pectin solutions exert any osmotic attraction for tissue fluids 
after hemorrhage this must be small. These reactions following severe hemor- 
rhage are apparently different from those observed on normal animals and man 
(1,5). On the other hand, the degree of dilution achieved by its infusion seems 
to be maintained for 4 to 6 hours. 
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A review of our results shows, however, that the persistence of low hematocrit 
readings does not correlate with recovery of blood pressure in our experiments; 
on the contrary, animals which showed the greater tendency to return to normal 
concentrations were the ones that recovered (cf. expts. 1, 2, 4, 5, 13, 18, with 
expts. 7, 8, 9, 10, fig. 1). While no relation of increasing hemoconcentration 
to recovery can be claimed, the results strongly suggest that the ability of a 
solution to maintain hemodilution cannot be used as a sole criterion of its dynamic 
usefulness. 


TABLE 1 
| HEMATOCRIT | 
EXP. 50 MM. | BUFFER OUTCOME 
\ml./kilo | ml./kilo | 
1/30 | 35 30 Phosphate | 39.0?| 45.7 | 26.4 | 33.4 | Recovery 
oi a8 + we 38 Phosphate | 46.7 | 42.3 | 28.4 | 33.7 | Recovery 
3 | 47 35 47 Phosphate | 54 | 51.7 | 51.7 | 31.3 | Recovery 
4 | 46 29 46 Phosphate | 49.0 | 43.0 27 | 37 Recovery 
5 42 31 | 40 | Phosphate | 51 | 48 22 «=| 35 Recovery 
6* | 38 30 23 Phosphate | 42.7 | 33.5 | 27.5 | 30.0 | Recovery 
7*|28 | 32 28 Phosphate | 45.2 | 34.1 | 25.5 | 21.2 | Precip. shock 
8*| 5.5) 30 11 Phosphate | 40.5 | 38.3 | 29.9 | 29.7 | Precip. shock 
9/3 | & | 33 Phosphate | 42.4 | 36.8 | 23.1 | 20.9 | Precip. shock 
10 |40 | 32 25 Phosphate | 49.3 | 42.3 | 29.5 | 28.2 | Precip. shock 
11 | 36 31 32 Phosphate | 58.5 | 52 34.5 | 38.5 | Precip. shock 
12 | 33 29 | 29 Phosphate 53 | 39 25 =| 36 Precip. shock 
13 | 33 31 | 33 Lactate 41.5|40 | 27 | 42 | Recovery 
14 | 40 30 | 20+20B | Lactate | 47 | 40 | 31 | 36 | Recovery 
15 | 52 37 | 33+4B | Lactate 47.5 | 46.5 | 19 34 Recovery 
16 | 33.5 33. | 40+ 10B | Lactate 50 46 22 34 Recovery 
17 | 53 31 | 26+ 6B | Lactate 46.5 35 25 26.5 | Delayed shock 
18 | 39 | 2 32 + 6.4B | Phosphate | 37? =| 41 26 «=| 33 Recovery 
19 | 41 | 30 | 31+8B | Phosphate 41 (35 (24 | 34.5 | Delayed shock 


* Splenectomized dogs. Hematocrit readings—(1) control, (2) at end of 50 mm. period 
hypotension, (3) after infusion and recirculation of pectin, (4) 4-6 hours later. 
yP 


Part III. Electrocardiograms and hemodynamic reactions. Electrocardio- 
grams (standard leads) were recorded during the course of most experiments. 
Segments of one of these are incorporated in figure 3. No changes of significance 
occurred either in animals that recovered or those that failed. During the period 
of hypotension all deflections decreased in amplitude and during terminal slow- 
ing of the heart the P-R interval sometimes increased (fig. 3). In particular, no 
electrocardiographic evidence was obtained which suggested thrombosis or im- 
pairment of the coronary or pulmonary circulations. Optical records of central 
arterial pressure pulses were recorded in 8 animals. 

Segments of such pressure pulses obtained in animals responding differently 
to pectin infusions are shown in figures 1,2 and3. In figure 1, from a dog which 
made a satisfactory hemodynamic recovery, an infusion of pectin solution 
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equal to 65 per cent of the withdrawn blood was given. Mean arterial pressure 
was not fully but satisfactorily restored and it was maintained during the period 
of observation. The pulse pressure following infusion was somewhat less than 
during the control period, but the form of the pressure curve was normal and 
remained so for 4 hours. Incidentally, this experiment illustrates during the 
third and fourth hour a frequent occurrence in such revived animals, viz., a 
temporary decline of arterial pressure, 60 to 90 minutes after completion of in- 
fusion. This was always followed by a secondary rise which was maintained. 
During such temporary drops the form of the pressure pulses did not deteriorate, 
and electrocardiograms showed no significant changes. 

Figure 2 illustrates a type of experiment in which infusion of pectin solution 
was followed by a delayed circulatory failure. Immediately following injection 
the form of the pressure pulses was restored to normal. Gradually, this deteri- 
orated, the curves being characterized by a large preliminary fling, a peaked 
systolic summit, deep incisura and progressively flattening diastolic part of the 
curve. These changes resemble those previously reported as characteristic of 
circulatory failure (3). It may be noted that in this experiment, as in others 
previously reported, circulatory failure developed despite gradually increasing 
effective venous pressure. 

Figure 3 illustrates one of the experiments in which reinfusion of full amounts 
of pectin solution failed to restore the form of pressure pulses even temporarily 
and a subsequent rapid deterioration. It will be noted that in this experiment 
the rate of infusion was slower, but similar precipitate shock also occurred in 
experiments in which a more rapid rate was used. 

Discussion. The data presented strongly suggest that infusions of pectin 
solutions are ineffective after a 30 minute period of a 50 mm. Hg post-hemor- 
rhagic hypotension. Given at the end of 30 minutes, 11 out of 19 dogs showed 
satisfactory hemodynamic reactions. This series is too small to venture opinions 
on a statistical basis, but certain reactions, particularly in animals that did not 
respond favorably, suggest caution in the use of such solutions after severe hemor- 
rhage. It should be emphasized that our deductions do not necessarily apply to 
states of hypotension produced otherwise than by loss of blood and particularly 
when these are accompanied by hemoconcentration. 

We have confirmed many observations of previous workers, considered ade- 
quate for their clinical trial. Thus, after a post-hemorrhagic hypotension of not 
too long duration, their infusion causes an immediate increase in pulse pressure, 
restoration of arterial pressure and generally normal forms of pressure pulses. 
Hematocrit readings suggest that hemodilution occurs by virtue of the fluid 
injected and that a good degree of retention occurs for at least 4 to6 hours. Evvi- 
dence that blood volume is further increased by virtue of an osmotic attraction 
of water from tissues is lacking. However, this may be a virtue rather than a 
fault, for an excessive depletion of interstitial and cellular water may be harmful 
rather than beneficial after hemorrhage. Recent evidence (6) indeed suggests 
that cellular water is already utilized in the hemodilution which follows hemor- 
rhage. However, no correlation existed between maintenance of an initial 
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dilution of blood by pectin and hemodynamic recovery which suggests that it is 
hazardous to rely on the demonstrated ability of pectin solutions—or for that 
matter any colloid—to remain within the blood stream as a satisfactory criterion 
of its efficacy. Hemodynamic recovery depends on more than the capacity of 
an infusate to exert an adequate oncotic pressure. 

While no direct evidence was obtained either experimentally or at the necrop- 
sies that the agglutination and rapid sedimentation is harmful, the occurrence of 
a rapid decline in arterial pressure and deterioration of pressure pulses in some 
of the experiments and the failure to overcome this by subsequent large infusions 
of the animal’s own blood certainly does not suggest that infusion of pectin 
solution delays the development of an irreversible circulatory state. It is con- 
ceivable, as Ivy et al. (7) suggest, that a tendency to intravascular clumping may 
reduce oxygen supply more seriously after severe hemorrhage than in animals 
having their normal quota of red corpuscles. Further experimentation, however, 
is required to establish this or other reasons for the too common unfavorable 
responses, 


SUMMARY 


1. A 1.5 per cent buffered pectin solution exerting an oncotic pressure of 67 
to 68.7 em. of water was injected at a rate of 3-5 ml. per minute after varying 
periods of post-hemorrhagie hypotension (50 mm. Hg). 

2. The usefulness of such solutions is apparently limited to the early periods of 
such hypotension. Given after 30 minutes, 11 out of 19 dogs showed a satisfac- 
tory hemodynamic response for 4 to 6 hours after administration. 

3. Pectin infusions, given after a post-hemorrhagic dilution of blood has 
already occurred, cause a further dilution by virtue of the fluid injected and this 
is rather well maintained for 4 to 6 hours. Evidence that additional dilution 
results from osmotic attraction of water from tissues was not found. 

4. No correlation existed between maintenance of hemodilution and favorable 
hemodynamic reactions; on the contrary, the animals that recovered usually 
showed some tendency to reconcentration. This suggests that the demonstrated 
ability of a colloid a, to maintain an effective oncotic pressure over a considerable 
time interval, and b, to increase blood volume in normal animals is not a satis- 
factory criterion of its physiological usefulness. 

5. While no evidence was obtained experimentally or at necropsy that the 
rapid sedimentation and agglutination produced by such solutions is harmful, 
the occurrence of a precipitate failure of the circulation in too many experiments 
and the inability to overcome this by subsequent large infusions of blood suggest 
that pectin infusions may exert some deleterious influence when used after severe 
hemorrhage. Consequently, caution should be exercised in the employment of 
pectin solutions in such conditions. 

6. These conclusions do not necessarily apply to states of hypotension pro- 
duced otherwise than by loss of blood and particularly when hemoconcentration 
exists. 


j 
4 


or 


PECTIN SOLUTIONS AND POSTHEMORRHAGIC HYPOTENSION 33: 


REFERENCES 

(1) Hartman, F. W., v. ScHetiinGc, H. N. Harkins anp B. Brusn. Ann. Surg. 114: 212, 
1941; Hartman, F. W., v. ScHELLING, B. Brush anp K.W. Warren. J.A.M.A. 
121: 1337, 1943. 

(2) Wiccrers, C.J. Physiol. Rev. 22: 74, 1942. 

(3) Were, J.M.,R.S.Cospy anp C.J.Wiccers. This Journal 136: 401, 1942; Huizenca, 
K. H., B. L. Brorman anv C. J. Wiccers. J. Pharmacol. and Exper. Therap. 
78: 139, 1943. 

(4) Green, H. D. erat. This Journal (In press). 

(5) Jacospson, S. D. anv C. J. SmytH. Proc. Soc. Exper. Biol. and Med. 50: 218, 1942; 
Kozo.u, D. D., F. STeEIGMAN AND H. Popper. Ibid. 53: 67, 1943. 

(6) Lanps, A. M. anp W. Jounson. Proc. Soc. Exper. Biol. and Med. 49: 123, 1942. 

(7) Ivy, A. C., H. Grunearp, F. Stern anp F. S. Gropins. Surg., Gyn. and Obstet. 76: 
85, 1943. 


} 
| 
f 
n 
y 
| 
| 
| 
j 
7 
g | 
of 
is 
is 
n 
le 
lv 
le 
S- 
1e 
il, 
ts 
st 
re 
of 
0- 


THE RENAL EXCRETION OF CHLORIDE BY THE NORMAL AND 
BY THE DIABETES INSIPIDUS DOG! 


RUTH S. HARE, KENDRICK HARE anp DONALD M. PHILLIPS 


From Department of Anatomy, State University of Iowa, Iowa City 


Received for publication May 31, 1943 


The only obvious abnormality of the diabetes insipidus animal is its excessive 
excretion of water; otherwise the renal function of such an animal, insofar as it 
has been studied (19, 25), is apparently normal. The question, however, re- 
mains, whether this inability to reabsorb water is the fundamental deficiency of 
the diabetes insipidus renal tubule, or whether it is merely secondary to some 
alteration in the tubular reabsorption of solutes. The possibility of a disturbance 
in chloride excretion has been investigated many times, but the continuation of 
these experiments indicates that no decisive answer has been obtained. This 
lack of suecess was probably due to the concentration of most investigators on 
excretion alone, and it is extremely difficult to evaluate their data, since excretion 
is the net result of at least two variables, glomerular filtration and tubular 
reabsorption. 

Some electrolytes are reabsorbed like glucose from the glomerular filtrate in 
definitely limited quantities. If the glomeruli, because of increased volume of 
filtrate or of an elevated plasma concentration, deliver such a substance to the 
tubules in an amount greater than the tubular capacity for reabsorption, the 
excess is excreted in the urine; phosphates and sulphates belong to this group. 
The maximal rate of tubular reabsorption of phosphate in the dog is 0.8 to 4.2 
mgm./min., but is dependent upon the acid-base balance of the animal (9), and 
is subject to vitamin and hormonal control (10). Goudsmit, Power and Bollman 
(7) showed that sulphate clearances asymptotically approach the simultaneous 
creatinine clearances in dogs as the plasma sulphate is progressively increased. 
This indicates a low tubular maximum of sulphate reabsorption, and a recalcula- 
tion of their data reveals the maximum to be less than 10 mgm./min. 

A second type of renal reabsorption is comparable to the intestinal reabsorption 
of salt solution, in which the volume of fluid and the quantity of electrolyte trans- 
ferred are closely related. When a solution of sodium chloride is placed in a loop 
of gut, the salt is absorbed along with most of the water, until a chloride-free 
fluid is left in the intestinal lumen. Visscher (22) has pointed out the similarity 
of this process to the renal tubular reabsorption of electrolyte, where the parallel 
is especially close during water diuresis and in diabetes insipidus. If the dis- 
turbance in water reabsorption in diabetes insipidus is secondary to an abnormal 
electrolyte reabsorption, or more specifically chloride reabsorption, it is probable 
that a mechanism of this kind is involved. 

Our primary problem was to establish the behavior of chloride in the normal 
kidney, since this is extremely ill-defined and is essential to any hypothesis of an 


1 Presented before the American Physiological Society, April 15-19, 1941. 
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abnormal process in diabetes insipidus. We soon found that there was no appar- 
ent limit either to the amount of chloride excreted per minute or to its goncentra- 
tion in the exereted urine. We were also unable to establish any general 
relationship between chloride excretion and plasma chloride values. When we 
turned our attention to reabsorption, we found that there was no apparent tubular 
maximum for chloride, or, if there was such a limit, it was not attained when the 
quantity of chloride filtered was increased as much as fourfold. If, however, the 
quantity of chloride reabsorbed was compared with the quantity of water 
reabsorbed in the same time, a very definite relationship was apparent, and one 
which was consistent from experiment to experiment and from one dog to another. 

This relationship, the ratio of reabsorbed chloride to reabsorbed water, is not 
intended to express anything as simple as the concentration of the reabsorbed 
solution. Walker et al. (23), in studies on single mammalian nephrons, have 
shown that the glomerular fluid soon attains, as it progresses down the tubule, a 
chloride concentration about 1.4 times that of plasma. Therefore, chloride and 
water seem to be reabsorbed in different parts of the tubule, and the ratio of 
reabsorbed chloride to water is merely the resultant of these reabsorptive pro- 
cesses. This ratio is not a constant, but is related to changes in plasma chloride, 
and it was soon found that a comparison of the chloride: water ratio in the reab- 
sorbate with the chloride concentration of the plasma was a useful expression of 
the reabsorptive process; it was designated the chloride R/P. 

When saline solutions of different concentrations were infused at the same rate 
into a normal dog in successive experiments, it was found that a family of curves 
resulted from relating the chloride R/P totime. The configuration of each curve 
was characteristic of the concentration of the saline infused. When the experi- 
ments were repeated on a dog with diabetes insipidus, the responses were unpre- 
dictable and not related to the concentration of the injected fluid. The chloride 
R/P of the diabetes insipidus dog is initially greater than one and may rise 
considerably further during saline infusion, reaching a maximum value in our 
experiments of 1.2. Since the addition of Pitressin to the infusion fluid altered 
these responses until they approximated those of the normal animal, it was con- 
cluded that the neurohypophysis regulates the partition of water between tubular 
reabsorbate and urine. This is true, of course, only of that fraction of the water, 
about 20 per cent, which is not reabsorbed by the diabetes insipidus tubule; the 
remaining 80 per cent of water filtered is reabsorbed by the tubule even in the 
complete absence of the posterior lobe. Our conclusion is based on data obtained 
from more than one hundred experiments on three normal dogs and four dogs 
with experimental diabetes insipidus. 

Procepures. Experimental diabetes insipidus was produced by transection 
of the pituitary stalk. Our usual procedure (8) for creatinine clearances was 
followed, with these modifications: venous blood was drawn under oil into oxa- 
lated tubes for centrifugation; and fluids, other than water by stomach tube, were 
administered intravenously with a constant infusion pump. In the earlier ex- 
periments, plasma and urine chlorides were determined by the method of Van 
Slyke and McLean (16), but later the simpler mercurimetric titration (18) was 
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adopted, after it had been established that analyses by the two methods were 
almost identical. Glucose, in tungstic acid filtrates of plasma and in diluted 
aliquots of urine, was determined by measuring with a photoelectric colorimeter 
the reduction of an alkaline ferricyanide solution. 

Calculations. Thevolume of fluid reabsorbed per minute by the tubules was cal- 
culated by subtracting the urine flow in cubic centimeter per minute from the creat- 
inine clearance; reabsorbed chloride by subtracting the quantity excreted per min- 
ute from the quantity filtered. This last value was obtained by multiplying the 
volume of glomerular filtrate by the milligrams of chloride per cubic centimeter of 
mgm. Cl 
ec. 
mgm. per cent reabsorbed, was then compared to the plasma chloride according 
to the equation: Chloride R/P = mgm. per cent reabsorbed Ci : 

mgm. per cent plasma Cl 

The correction factor for the solid content of plasma has not been applied in 
these calculations, since it did not significantly affect the chloride R/P value. 

Resutts. The earlier experiments were performed to obtain data for analysis 
in the hope of revealing factors which limited chloride excretion or reabsorption. 
They were done, therefore, on normal dogs and included water diuresis, intrave- 
nous infusion of glucose and hypo-, iso- and hypertonic saline solutions. Three of 
these experiments, in which different concentrations of saline were infused, are 
presented in table 1. These data have been analysed in several ways. The lack 
of correlation between urine flow and chloride excretion is obvious on inspection 
of table 1. However, a nearly linear relationship exists between the quantity of 
reabsorbed water and of reabsorbed chloride (fig. 1). When 10 per cent glucose 
or 0.2 to 0.3 per cent NaCl solutions were infused, and the plasma chloride con- 
centration lowered, the curve was altered as less chloride was reabsorbed per unit 
volume of water (fig. 1). Ifthe plasma chloride concentration is greatly elevated 
by the infusion of 2.0 to 5.0 per cent NaCl, the chloride: water ratio of the tubular 
reabsorbate is definitely increased (fig. 1). This deviation of the chloride: water 
ratio at low amd high plasma concentrations indicates its dependence upon 
changes in the salt content of the plasma. The chloride R/P was found to 
change during the course of each experiment in which hypo- or strongly hyper- 
tonic saline solutions were given. When the data in table 1 are analysed to show 
the temporal course of the chloride R/P, three distinct curves are obtained 
(fig. 2). While it appears from this figure that the contour of each curve is re- 
lated to the concentration of the salt solution injected, other variables, such as 
the rate and duration of the infusion, are not excluded as influencing factors. 
Six infusions into the same normal dog, L, were constant except for the concentra- 
tion of the solution, which was 0.55, 0.67, 1.06, 1.5, 2.0 and 2.5 per cent NaCl. 
When the chloride R/P is related to time (fig. 3), a progressive modification of the 
response with increasing concentrations of NaCl is apparent. 

The next part of this investigation is concerned with the regulating mechanism 
which so exactly controlled the partition of water between urine and reabsorbate 
that when hypotonic solutions were given, little salt and large volumes of water 
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were excreted, and when strong saline was infused, large quantities of salt were 
excreted in highly concentrated urine. The neurohypophysis was naturally 
given first consideration. 

When the subject was a dog with diabetes insipidus, the results were in sharp 
contrast to the highly integrated responses of the normal dog. Infusions of 2.0 
or 2.5 per cent NaCl instead of producing a depression of the chloride R/P, often 
caused a further rise of the already elevated ratio (fig. 4). The posterior lobe 
of the pituitary, therefore, seems to be involved in the depression of the chloride 
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Fig. 1. Chloride reabsorption plotted against water reabsorption. Those data which are 
taken from table 1 are represented by the following symbols: open circles, 0.5 per cent NaCl; 
solid circles, 0.685 per cent NaCl; crosses, 2.0 percent NaCl. Solid triangles represent the 
data from experiments in which the plasma chloride was reduced by the infusion of 0.2 to 
0.3 per cent NaCl or of glucose solutions. Open triangles are data obtained during or after 


the infusion of 2.5 to 5.0 per cent NaCl solutions when the plasma chloride concentration 
was greatly elevated. 


Fig. 2. Temporal course of the chloride R/P on infusion of 0.5 per cent (open circles), 
0.685 per cent (solid circles), and 2.0 per cent NaCl (crosses). Beginning of infusions at 40 


minutes is indicated by long vertical line; end of infusions by short vertical lines. Data 
from table 1. 


R/P below one. Attempts to convert the response of the diabetes insipidus dog 
to normal by substitution therapy with Pitressin (Parke, Davis & Co.) were 
successful. In a series of infusion experiments, repeated at weekly intervals, 
2.5 per cent NaCl was injected at 10 cc./min. for 45 minutes. In the first no 
Pitressin was given; in the others Pitressin was added to the saline so that it was 
administered at rates of 60, 180 and 720 milliunits per hour. The results are 
given in table 2, and the chloride R/P plotted against time in figure 4. While 
the depression of the chloride R/P with 720 mu./hr. is about as great as that 
seen in experiments on normal dogs (see fig. 3, lowest curve) receiving the same 
infusion, there are minor differences in the responses. The response of the 
normal dog has a latent period of 15 to 30 minutes, measured from the beginning 
of the infusion, and continues for at least 30 minutes afterward. In the dia- 
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betes insipidus dog receiving Pitressin, the response begins with the infusion 
and, at the end of the infusion, falls off in every case more rapidly than the 
normal, but at a rate which is decreased as the Pitressin dose is increased. The 


TABLE 1 
Renal response of the normal dog to the infusion of hypo-, iso- and hypertonic sodium 
chloride solutions 
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|CHLORIDE (MGM. /MIN.) 
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| MGM. CHLORIDE REABSORBED | 
100 CC. WATER REABSORBED 
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continued fall of the chloride R/P in the normal dog suggests a contimued libera- 
tion of the antidiuretic hormone. 

During the infusion of 2.5 per cent NaCl and Pitressin, the creatinine U/P 
falls, even when as much as 720 mu./hr. is injected. This behavior of the cre- 
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atinine U/P is the opposite of that seen when the antidiuretic hormone is given 
during a water diuresis or to an animal with diabetes insipidus. Under these 
conditions an elevation of the creatinine U/P, signifying a greater tubular re- 
absorption of water, is invariably obtained, and Hickey, Hare and Hare (11) 
have demonstrated a quantitative relationship between the dose of pituitrin 
and the response. From the present experiments it is clear that changes in the 
creatinine U/P during a saline diuresis, whether in a normal dog (fig. 6) or ina 
diabetes insipidus dog receiving Pitressin (table 2), have no significance and are 
valueless as indicators of the action of the antidiuretic hormone. In contrast to 
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Fig. 3. Temporal course of the chloride R/P during infusions of graded saline solutions 
into the same normal dog, at 10 cc./min. for 45 minutes. Solid circles, 0.55 per cent; solid 
triangles, 0.67 per cent; open triangles, 1.06 per cent; open circles, 1.5 per cent; crosses, 2.0 
per cent; and enclosed crosses, 2.5 per cent NaCl. 

Fig. 4. Relationship of the chloride R/P of a dog (S) with diabetes insipidus to the 
amount of Pitressin added to the infusion fluid (2.5 per cent NaCl). The vertical lines 
enclose the infusion period. Open circles, no Pitressin; solid circles, 60 mu/hr.; open 
triangles, 180 mu/hr.; solid triangles, 720 mu/hr. Data from table 2. 


this, the chloride R/P (fig. 4) is related to the amount of antidiuretic hormone 
introduced into the dog’s circulation during a saline diuresis. 

An elevation of the chloride R/P is the permanent effect of the destruction of 
the pars nervosa of the pituitary and the temporary consequence of the ingestion 
of water or the injection of glucose or hypotonic saline. It seemed probable that 
these procedures elevated the chloride R/P by inhibiting the liberation of the 
posterior lobe hormone. If this were true, the administration of small amounts 
of the hormone should decrease or prevent the elevation of the chloride R/P 
during the course of such a diuresis. This has been tested repeatedly, and the 
experiment selected for presentation illustrates the effect of 1.7 and 6.8 mu. of 
Pitressin per hour on the diuresis resulting from the injection of 0.55 per cent 
NaCl at 10 ce./min. (fig. 5). The same normal dog, L, was the subject for all 
three experiments which were as nearly alike as possible. The response of the 
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animal to hypotonic saline, as indicated by the chloride R/P, is measurably 
depressed by 1.7 mu. of Pitressin per hour, and completely suppressed by 6.8 
mu./hr. The minute quantity of the antidiuretic hormone needed to restore 


TABLE 2 
The effect of graded doses of Pitressin on the renal excretion of sodium chloride and water by 
a dog with diabetes insipidus 


| | a 
| | 
CHLORIDE a 
| (MGM./MIN.) 
| 
| = <|3 
| CREAT 
| pura- | urine | URINE | PLASMA Due WATER | | CHLO- 
DOG AND INFUSION |PERIOD : CHLO- | CHLO- F | REAB- | Sle RIDE 
| TION FLOW CLEAR- | Sig 
RIDE | RIDE SORBED; = | R/P 
| = z | | 
2 
= = 
5 


minutes mgm.% cc./min. 
| 47.1 2.03 | 59 384 | 39.9 |153 1.2 |152 | 37.9 | 402 iI 

8.1 |173.4| 39.2 | 445 
| 15.4 | 8.4 448 | 47.6 |213 184 39.2 | 469 


1 
2 
3 
4 | 14.4 /13.5 | 475 | 590.5 |282 (57 (225 | 46.0/ 489 
5 
6 


15.2 | 3.96 |205 | 420 | 43.2 |181.5 
2.5% NaCl 


| 18.0 |10.6 |435 478 | 52.6 |251 |46 | 42.0| 488 |1.02 
18.7 | 7.24 1441 


14.7 | 2.58 | 23. 4} 41.2 | 
| 15.5 | 2.28 | 21.4 | 379 | 39.3 [149 | 0.5 [148.5) 37.0 | 402 1.06 


+ 
a 


N 
oo 
a 
— 
S 
w 


2.5% NaCl + | | 15.2 | 1.96 | 396 | 43.6 |173 | 5.2 |168 | 41.6 | 404 |1.02 
60 mu/hr. | 15.1 |12.4 |491 458 | 60.4 |277 60.6 | 48.0 | 450 (0.98 
14.0 |11.4 | 459 | 60.6 |278 (58.5 | 49.2 | 445 0.975 


1 
2 
(3 

Pitressin, 4 | 14.3 | 6.05 467 | 431 | 51.5 |222 28.3 |194 | 45.5 | 427 (0.99 
6 
7 


| 15.1 | 7.7 |460 


Ss 1.54-| 66.5 | 388 | 34.4 /133 | 1.0 | 32.8 | 403 |1.04 

2.5% NaCl + if 2 14.0 | 1.21 |400 424 | 39.6 |168 | 4.85)163 | 38.4 | 424 1.00 
* Pitressin, (| 3 | 15.6 | 4.18 (673 | 460 | 47.2 [217 [26.0 |191 | 43.0 | 444 (0.965 
Re 180 mu/hr. 14.7 |10.85 | 484 | 56.1 [272 (61.3 211 | 45.2 | 466 0.965 
are | 5 | 19.7 |11.40 [566 | 481 | 60.6 [292 [65.0 |227 | 49.2 | 462 0.96 
6 | 10.9 | 8.05 471 60.5 |285 [242 52.5 | 461 (0.98 
at | 1 | 14.8} 3.5 | 68.5 | 371 | 41.6 |154 | 1.95)152 | 38.1 | 399 (1.07 
| 2 | 20.7/| 2.8 | 63.5 | 372 | 42.2 [157 | 1.8 | 39.4 | 394 |1.06 
2.5% NaCl + 3 13.7 0.73 | 396 | 40.1 | 3.1 |156 | 39.4 | 396 {1.00 
Pitressin, {4 | 14.7] 2.0 445 | 45.6 |203 |15.5 |187.5) 43.6 | 430 (0.965 
720 mu/hr. | 5 | 13.3 | 7.6 (625 | 467 | 53.4 [249 47.4 201.6) 45.8 | 442 0.945 

6 | 15.0 /10.9 |567 | 466 | 58.4 272 (61.5 |210.5| 47.5 | 444 (0.95 

ea 458 | 58.8 0.965 


269 219.6) 49.7 | 442 | 


and maintain a chloride R/P of unity is again demonstrated in an experiment 
on a dog with diabetes insipidus. A 1.5 per cent solution of NaCl was infused for 
80 minutes at 5 cc./min.; later the experiment was repeated with the addition of 
Pitressin to the saline so that its infusion rate was 4.25 mu./hr. The results 
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summarized in table 3 further justify the hypothesis that an elevated chloride 
R/P is evidence of inhibition of the neurohypophysis. 

An application of this thesis, that changes in the chloride R/P reflect changes 
in the rate of release of the antidiuretic hormone, to a further analysis of the 
data from the normal dog receiving different concentrations of saline (fig. 3), 
permits an interpretation of the diuretic action of salt solutions. When the 
concentration of each saline solution is plotted against its diuretic effectiveness 
expressed by the minimal creatinine U/P obtained during or after the infusion 
of the solution, it is clear that very dilute or very concentrated saline are equally 
effective diuretics (fig. 6). When the maximal change of the chloride R/P is 
similarly plotted against the salt content of the infusion fluid, different explana- 
tions for the diuresis with dilute and with concentrated saline are suggested. 


+.08 — 


CHLORIDE +04 — 


R/P 


L08— 5 


104— 


Oo— 


MAXIMAL A CHLORIDE R/P 


ie) 20 40 60 80 100 120 | 


| | 
TIME -IN MINUTES 2 
% NoCl 


Fig. 5. Inhibition by Pitressin of the elevation of the chloride R/P of a normal dog during 
the infusion of 0.55 percent NaCl at10cc./min. Vertical lines at 40 and 85 minutes indicate 
the beginning and end of the infusion period. Solid circles, no Pitressin; open circles, 1.7 
mu/hr.; crosses, 6.8 mu/hr. 

Fig. 6. The curve drawn through the open circles relates the maximal change in chloride 
R/P to the concentration of NaCl in the infused solution; that through the solid circles, the 
minimal creatinine U/P observed in the same experiments. 


The copious urine flow resulting from the infusion of 0.55 per cent NaCl is effected 
through inhibition of the posterior lobe of the pituitary, as indicated by the 
marked elevation of the chloride R/P. But during the comparable diuresis ob- 
tained with 2.5 per cent NaCl, where the depression in the chloride R/P suggests 
the release of several hundred milliunits of antidiuretic hormone, the volume of 
urine excreted can be attributed to the large amount of salt excreted. The in- 
fusion of 0.9 to 1.5 per cent NaCl neither inhibits the pituitary nor leads to the 
excretion of sufficient salt to produce an osmotic diuresis; solutions within this 
range of concentrations have, therefore, the least diuretic effect. 

So far, we have centered attention on the changes in the partition of water 
between urine and tubular reabsorbate and the hypophyseal regulation of this 
distribution. Since the nature of the calculation for the derivation of the chloride 
R/P is such that a change in the ratio would be produced by a change in the 
tubular reabsorption of chloride, we shall now consider this process and the 
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evidence for its control by the pituitary. When we injected 0.1 to 2.0 mu. of 
Pitressin into dogs with diabetes insipidus, we regularly obtained a marked 
decrease in urine flow, but no increase of chloride excretion was observed in any 
of the ten experiments. Furthermore, we did find the chloride excretion in- 
creased three- to fivefold in a normal dog during water diuresis, when the anti- 
diuretic content of the blood is assumed to be subnormal. 

Our experiments on dogs with diabetes insipidus given a constant infusion of 
2.5 per cent NaCl solution with graded doses of Pitressin dissociate antidiuretic 
activity from any demonstrable change in chloride excretion. When the,.rate 
of chloride excretion during each experiment is related to time, no significant or 
consistent variation appears which can be related to the amount of Pitressin 


TABLE 3 


The control of a saline diuresis in a dog with diabetes insipidus with a small dose 
of Pitressin 


CHLORIDE 
(MGM./MIN.) 


| CREAT- | 
URINE | PLASMA | | WATER 
URA- | URINE 
DOG AND INFUSION PERIOD | CHLO- | CHLO- REAB- | 
RIDE | RIDE | ANcE SORBED | 


MGM. CHLORIDE REABSORBED 
100 CC. WATER REABSORBED | 


Filtered 
Excreted 
| Reabsorbed 


minutes cc./min.| mem.% | mgm.7% | | jcc./min. | 


20.0 | 5.01 | 39.4 5] 3 316 | 74.5 | 424 
19.6 | 6.21 |128 333 | 77.8 | 428 
| 20.9 | 8.22 187 | .3 | 338 | 77.8 | 434 
| 19.7 |11.0 8 | | 322 | 68.8 | 468 


D 
1.5% NaCl, 
5 ce./min. | 


D ( 19.51.85 | 50 30. .9 | 238 | 58.5 | 407 

1.5% NaCl,5 | 19.0 | 2.06 |295 | 6.0 | 287 | 67.7 | 424 

ce./min.,Pi- {3 | 21.2 | 3.74 |442 8 | | 310 | 72.1 | 430 

tressin, 4.25 _ | 21.1 | 5.45 |462 | 309 | 70.0 | 442 
mu/hr. 


injected (fig. 7); the amount of water excreted is, however, clearly dependent 
(fig. 8). Additional evidence is included in table 3, where marked antidiuresis 
was obtained without any such change in chloride excretion. For two reasons 
these observations are of only limited value as support for the thesis that physi- 
ological quantities of the antidiuretic hormone do not act by inhibiting tubular 
reabsorption of chloride. In the first place, Pitressin, a fraction of pituitary 
extract, was used, and Kuschinsky and Bundschuh (22) find the principle of 
pituitrin affecting chloride excretion associated with the oxytocie rather than 
with the antidiuretic fraction. A second objection is that the dogs were heavily 
loaded with salt. However, the observations do justify the contention that an 
antidiuresis can be produced by increasing only the reabsorption of water. Fur- 
ther support for this idea is found in experiments on the diabetes insipidus dog 
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with a normal salt intake, where Pitressin greatly facilitated the tubular reabsorp- 
tion of water without affecting chloride excretion. 

White and Findley (24) found that patients with diabetes insipidus failed to 
excrete an oral dose of salt as rapidly as normal persons, and that pituitrin therapy 
was not effective in correcting this derangement. When we followed the chloride 
excretion before, during and after similar injections of salt into normal and 
diabetes insipidus dogs, no consistent difference between the two groups was re- 
vealed. On several occasions the polyuric dog excreted more salt than the 

URINE FLOW 
CHLORIDE EXCRETION Cc /MIN 
MG /MIN «2.5% 


1Occ/ MIN. 
INFUSION 
OF 
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ove 
40 60 80 100 
TIME IN MINUTES ee 
Fig. 7. Independence of chloride excretion of Pitressin administration in a dog (S) with 
diabetes insipidus. Vertical lines indicate period of infusion of 2.5 per cent NaCl at 10 
ec./min. Open circles, no Pitressin; solid circles, 60 mu/hr.; open triangles, 180 mu/hr.; 
solid triangles, 720 mu/hr. Data from table 2. 
Fig. 8. Antidiuretic effect of Pitressin during saline diuresis in a dog (S) with diabetes 
insipidus. Symbols the same as in figure 7. 


normal control. One of these comparisons is presented in detail in table 4 and 
the first experiment of table 2. The excretion of chloride, plotted against time 
in figure 9, is greater in the polyuric dog in spite of the fact that glomerular filtra- 
tion is less. The more rapid rise of the plasma concentration in the diabetes 
insipidus dogs has been seen repeatedly, and probably has its origin in the exces- 
sive water loss of these animals. In this instance the polyuric dog excreted 744 
ec. of urine during the experiment which lasted an hour and a half, while the 
normal dog excreted only 185 cc. during the same time. Probably for the same 
reason, the polyuric dog developed a severe salt intoxication (26) with tremors, 
weakness and vomiting. However, the higher rate of salt excretion by the poly- 
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uric dog has been observed in five experiments of this type when no symptoms of 
salt intoxication were apparent. 

Water diuresis frequently (17, 21), and glucose (2) or sucrose (12) regularly 
increase chloride excretion. An infusion of 10 per cent glucose at 10 cc./min. 
may cause an initial tenfold increase in the renal loss of salt (table 5 and fig. 10), 
but this effect falls off, even during the first few hours, so that the chloride excre- 
tion rate becomes only two or three times normal. This elevated excretion occurs 
during a progressive fall of plasma chloride, and therefore does not have its 
origin in the animal’s chloride load, which Wolf (26) has shown to be a related 
factor in chloride excretion during chloride infusion. If salt is added to the 
glucose solution, the renal excretion of chloride proceeds at least as rapidly, or 


TABLE 4 


Renal response of a normal dog to the infusion of 2.5 per cent NaCl at 10 cc. per minute 


| | 
CHLORIDE 
| (MGM./MIN.) 


DOG AND INFUSION |PERIOD| | CHLO- | | | REAB- 
| | RIDE | | SORBED 


CHLORIDE REABSORBED | 


100 CC. WATER REABSORBED 


Excreted 
Reabsorbed 


| MGM. 


minules | | lec./min. 
| 16.4 | 0. ¢ : 11. | 45.3 | 391 
Normal, 2.5% | ii. 82) | 47. | 2.8 | 46.2 | 398 1. 
NaCl, | 16.8 | 1.79 | | 52.5 | 113.3 | 50.7 | 422 | 
10 ec./min. | 54.6 | 438 0. 
58.4 | 434 0. 
61. 426 0. 


2.78 | 1070 


even more rapidly than when the same amount of salt is given alone (table 5 
and fig. 10). This occurs even when the plasma chloride is still below normal. 

Perhaps the most consistent effect of the administration of salt to a dog, 
whether by mouth or by intravenous injection, is an increase in the rate of glo- 
merular filtration (19). While it is true that the infusion of a large volume 
of water as a vehicle for glucose (20) may cause an increase in glomerular 
filtration, the change in our experiments has never been as great as that 
caused by the infusion of sodium chloride. Furthermore, when 10 per cent 
glucose has been infused at a constant rate for an hour or more, and the elevated 
rate of filtration has become stabilized, the addition of salt to the infusion fluid 
caused a further and sustained rise. This is illustrated in the first experiment 
of table 5. 

Discussion. Walker’s (23) studies on the tubular reabsorption of chloride 
are, unfortunately, incomplete and limited to the proximal convoluted tubule. 
Until these direct studies have been extended to include the rest of the nephron 
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and the hormonal factors which regulate reabsorption, only the final result of 
the various tubular processes can be determined from experiments on the intact 
animal. The proper choice of an electrolyte or other substance to be associated 
with the tubular reabsorption of water in the calculation of R/P ratios can be 
made, of course, only after the tubular transfer of that substance is clearly shown 
to be an essential process in water reabsorption. The choice of chloride was not 
made on that basis, and may, therefore, be premature. But the use of the 
chloride R/P does permit some insight into the response of the normal dog kidney 
to endogenous antidiuretic hormone, for the temporal course of the chloride R/P 
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Fig. 9. Comparison of the renal excretion of chloride by a normal (solid line) and a dia- 
betes insipidus (broken line) dog. The vertical lines indicate the infusion of 2.5 per cent 
NaCl at 10 cc./min. Data for normal dog from table 4; for diabetes insipidus dog from 
expt. 1, table 2. 

Fig. 10. Facilitation of chloride excretion by glucose diuresis. To the left of the vertical 
line, the excretion of chloride by a normal dog during glucose infusion (solid line) begun 
two hours before zero time is compared with the basal normal chloride excretion (broken 
line). At the vertical line, the infusion of 2 per cent saline was begun in both cases; the 
NaCl was added to the glucose solution so that in both cases the infusion rate was 10 ce./min. 


during a saline diuresis has been a reliable indicator of the amount of the hormone 
discharged by the pituitary or introduced into the circulation by infusion. 
Gilman and Goodman (5) discovered that the high rate of urine flow of a nor- 
mal animal after the administration of 5 per cent NaCl is attended by a greatly 
augmented liberation and renal excretion of the antidiuretic hormone. They 
estimated that 8 to 12 rats excreted 100 to 200 milliunits within six hours after 
being given 5 per cent of their body weight of salt solution by stomach tube. 
Ingram, Ladd and Benbow (13), using the same methods, found that the anti- 
diuretic material excreted by cats during saline diuresis originated in the pars 
nervosa of the pituitary. According to their assays, 20 to 420 milliunits per 
day were excreted by a cat, dehydrated by intravenous injection of 10 per cent 
NaCl after purging with MgSO, by stomach tube. We have estimated that a 
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normal dog of 15 kgm. liberates into its blood stream about one unit of pituitrin 
when given 450 cc. of 2.5 per cent NaCl by intravenous infusion (figs. 3 and 4). 
Our data are not comparable in a quantitative manner with those mentioned 
above, since the latter measured the hormone excreted by a normal animal, 
while we have measured replacements necessary to reproduce a response in a 
dog deprived of its source of the hormone. All the data are in agreement, how- 
ever, that saline, in hypertonic solutions, is extremely effective in causing a 
release of pituitrin; whether this is a specific effect of NaCl, or simply dehydra- 
tion, is not clear (11). This excessive liberation of the hormone may well ac- 
count for the failure of huge doses to inhibit a saline diuresis. Goodman and 


TABLE 5 
Augmentation of chloride excretion of a normal dog by the infusion of glucose 


| 
DURA- | URINE 
TION | FLOW 

Chloride | Glucose | Chloride | Glucose | 


URINE PLASMA 
DOG AND INFUSION | 


PERIOD | 


| 
| 


| minutes | cc./min. | mgem.% | mgem.% 


| mgm.% | mgm.% | 


E if | 14.9 | 12.2 | 127 | 3000 | 355 | 910 

*10°) glucose at 10 ce./min. 11.6 6 158 4160 355 850 
13.5 5.8 136 | 5000 | 350 710 

216 | 4450 | 355 | 800 
11. 262 | 3270 | 365 840 
12. 313 | 2940 390 | 830 
14. 4 361 | 3160 415 | 780 
14. ‘ 411 | 3160 | 425 | 710 


10% glucose + 2% NaCl at 
10 cc./min. 


14.: 346 395 
350 | | 398 
13.5 | 493 | 396 
14.6 766 | 422 
16. 884 438 
14. 82 804 455 
15. 6. 716 | | 465 


14.4 6.08 640 | 453 


won — | 


2°), NaCl at 10 ce./min. 


oo 


* The glucose infusion was started 2 hours before the beginning of the first period. 


Gilman (6) showed that one unit of Pitressin failed to inhibit the diuresis resulting 
from the injection of 10 per cent saline, while doses 3)» as large will sharply 
depress a water diuresis. 

Strong solutions of NaCl may cause the release of the antidiuretic hormone by 
some direct action on the posterior lobe of the pituitary, or through a reflex 
originating in some chemoreceptor, or, more probably, through stimulation of 
the cells of the highly vascular supra-optie nuclei, whose processes pass down 
the pituitary stalk to the neurohypophysis. Excision of the pituitary or tran- 
section of the pituitary stalk with subsequent atrophy of the posterior lobe 
abolishes the response, but this shows only that the antidiuretic hormone origi- 
nates in the neurohypophysis, and throws no light on the mechanism of its 
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release. Sensitivity of the neurones in the supra-optie nuclei to changes in the 
chemical composition of the blood has been suggested by Craigie (4) and by 
Ingram, Ladd and Benbow (13), but direct evidence, such as might be obtained 
by recording action potentials from the nuclei or the pituitary stalk during the 
infusion of different solutions, has not been provided. Nor have the changes in 
the blood which cause the pituitary to liberate or withhold the antidiuretic 
hormone been defined. It may be that rate of change is more important than 
magnitude, as has been suggested by Baldes and Smirk (3), who investigated the 
réle of the osmotic pressure of the plasma in initiating a water diuresis. 

MacKay and Mackay (15) and Aitken (1) have lowered the plasma chloride 
until the urine was chloride-free by urea diuresis, salt-free diets, and sweating. 
When the lost chloride was replaced, the plasma concentration at which chloride 
reappeared in the urine was designated the chloride threshold. Aitken’s objec- 
tions to the method, which failed to give reproducible results, led him to recom- 
mend that the concept of a chloride threshold be abandoned. In Rehberg’s 
(17) observations on himself, plasma chloride was changed by the ingestion of 
salt or water, and glomerular filtration measured by creatinine clearances. His 
calculations of reabsorption of chloride reveal that there is no tubular maximum. 
However, when the percentage of filtered chloride excreted in the urine was re- 
lated to creatinine U/P, two curves were obtained representing the results when 
the plasma chloride was above or below 375 mgm. per cent. This led him to set 
this plasma concentration as the chloride threshold in man. Of far more interest 
to us was his finding that after the ingestion of water, chloride was reabsorbed in 
a concentration higher than that of plasma, while after the ingestion of salt, 
this relationship was reversed. 

In our experiments on dogs, the rate of tubular reabsorption of chloride has 
been as high as 500 mgm./min., and this upper limit seems to have been imposed 
by the tolerance of the animal for hypertonic saline, rather than by the inability 
of the tubules to transfer more chloride back into the blood. Attempts to find a 
plasma chloride concentration at which significant quantities of chloride began 
to be excreted were unsuccessful, and determinations of the threshold could not 
be repeated using the same subject and experimental procedures. When the 
conditions of the experiments were changed, the threshold varied so widely that 
it lost all significance. For example, during the glucose diuresis, chloride excre- 
tion may proceed at about 50 mgm./rin., even though the plasma chloride falls 
50 to 75 mgm. below the preinfusion level, and when glomerular filtration is only 
slightly increased. Since a urea (15) or sucrose (12) diuresis causes a similar 
chloride excretion at low plasma concentrations, it seems that an osmotic diuresis 
disturbs tubular reabsorption of chloride. When saline, instead of glucose, 
was infused, chloride excretion was invariably increased, regardless of the 
preinfusion plasma chloride concentration or the rate of glomerular filtration. 
This has been true even when the saline was so dilute (0.2-0.4 per cent NaCl) 
that the plasma chloride concentration was diminished. On the basis of these 
data, it is obviously impossible to define a chloride threshold for the dog. 
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SUMMARY 


The renal tubular reabsorption and the urinary excretion of water and of 
chloride have been studied in normal and diabetes insipidus dogs during water, 
saline and glucose diureses. The factors which determine the partition of 
chloride between tubular reabsorbate and urine are not revealed, but it is shown 
that there is neither a maximal rate of tubular reabsorption nor a renal threshold 
for chloride. Pitressin does not inhibit its tubular reabsorption nor facilitate 
its excretion. Renal tubular reabsorption of water is related to the reabsorption 
of chloride under all conditions of these experiments, and the antidiuretic hor- 
mone controls this relationship by regulating water reabsorption. 

Hypertonic saline stimulates, while hypotonic saline, glucose solutions, and 
water inhibit the secretion of antidiuretic hormone. It is proposed that for the 
regulation of water exchange there is a system which includes the hypothalamico- 
hypophyseal mechanism, which, through its sensitivity to changes in the salt 
content of the blood, controls the secretion of pituitrin, and thereby the con- 


centration in which salt is reabsorbed by the renal tubules back into the blood. 
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There have been indications that ingested fat might be injurious to red blood 
cells. In studies on relatively few human individuals over brief periods of time, 
red blood cell destruction apparently proceeded at a faster rate on a high fat 
diet, as evidenced by an increased urobilin excretion in the feces (Glanzmann, 
1929; Salomon, 1920; Josephs, Holt, Tidwell and Kajdi, 1938). The experi- 
ments of Freeman, Loewy, Marchello, and Johnson (1942) carried out for many 
weeks conclusively demonstrated this effect by the more direct method of 
measurement of the bilirubin excretion in dogs, which was greater with increases 
of fat in the diet. 

Some of the mechanisms involved in this blood destruction from fat ingestion 
were clarified by Johnson and Freeman (1938), who showed that during the 
absorption of a fat meal, lymph collected from the lacteals or from the thoracic 
duct is very hemolytic. It was also demonstrated (Freeman and Johnson, 
1940) that fatty acids and soaps, which have presumably escaped resynthesis 
into neutral fat during absorption, are present in the lymph in quantities suf- 
ficient to account for this hemolysis. 

Since the lymph entering the blood after a fat meal is hemolytic, more direct 
evidence of red blood cell injury in the circulating stream at that time was 
sought. In preliminary experiments on dogs, actual hemolysis did not occur 
when red blood cells were mixed with lipemic serum drawn after a fat meal. 
The experiments here reported test whether red cells are made more fragile by 
exposure to such serum. 

METHODS AND RESULTS. The fragility of red cells mixed with lipemic serum 
was compared with that of cells similarly mixed with fasting serum. The 
fragility test involved identical dilutions with distilled water of both sets of 
blood plus serum mixtures, gentle shaking of these diluted mixtures, and finally, 
counting the intact cells (per cubic millimeter) in each sample. Addition of 
the water reduced the inorganic salt concentration to approximately the equiva- 
lent of 0.4 per cent NaCl, midway between the concentrations producing begin- 
ning and total hemolysis in dogs. 

Each dog tested was fed a fat meal consisting of 10 cc. of olive or corn oil 
per kilogram body weight in addition to commercial canned dog food. Samples 
of fasting serum (‘control fluid”) and of lipemic serum (one of the “test fluids’’) 
from the same dog drawn at two and at three and one-half hours after a fat meal 
were each mixed with an equal volume of whole blood (oxalated) from the fasting 


1 This work was aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 
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animal. After shaking each mixture for forty-five minutes, distilled water was 
added and the shaking was continued for thirty minutes. The final mixture 
contained one volume of red cells (i.e., oxalated blood), one volume of fasting or 
lipemic serum, and two volumes of distilled water. Ordinary red blood cell 
counts were then done on each mixture. 

To express the results graphically (fig. 1), the red cell count of the control 
mixture (e.g. fasting serum and oxalated blood) is arbitrarily placed at zero 
hemolysis; that is, the hemolysis from distilled water and from shaking is dis- 
regarded since this is identical in both control and test mixtures. The test 
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Fig. 1. Change in fragility of red blood cells upon exposure to various test fluids. The 
test counts are plotted as per cent reduction (the ordinate) from the corresponding control 
count which is represented by the zero line. To avoid confusion, these control points are 


omitted. 


count is then expressed as percentage reduction from the control. In other 
words, it represents the increase in hemolysis caused by the test fluid. 

When lipemic serum was the test fluid, red cell fragility was significantly 
increased, as indicated by the lower counts in the test mixtures analyzed statis- 
tically. There was no appreciable difference between the effects of the two and 
the three and one-half hour sera. The average reduction from the control 
for all lipemic sera tested was 19 per cent. 

To check on the possibility that ingestion of other fuel foods might increase 
red cell fragility, high sugar and high protein meals were fed. The hyperglycemic 
serum and the serum after the protein meal, respectively, were used as test 
fluids, substituting for lipemic serum in procedures exactly parallel to those 
employed with high fat meals. No increase in the fragility of red cells exposed 
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to these sera was observed. If anything, the resistance of the red cells was 
increased in these caloric controls as indicated by the higher counts in the test 
mixtures (see third and fourth columns of fig. 1). However, too few experi- 
ments have been performed to warrant any final conclusion on this point. 
Earlier workers have reported that large quantities of sugar do exert a pro- 
tective effect on red cells preserved in vitro (Rous and Turner,1916). Also, 
insulin hypoglycemia has been shown to increase the fragility of red cells (Booth, 
1941). 

Although other studies (Freeman and Johnson, 1940) have shown it to be 
unlikely that the neutral fat particles in any way affect the fragility of red 
cells, it was felt worthwhile to test the possibility under the conditions of this 
experiment. A stable suspension of olive oil in Ringer’s solution was used as 
the test fluid; the particle size and the concentration approximated those in 
lipemic serum. This was compared with Ringer’s solution as the control fluid. 
Neutral fat was found to be as ineffective as Ringer’s solution in altering red 
cell fragility (see last column of fig. 1). The deviation here was from —6 per 
cent to +5 per cent, perhaps giving a good indication of the limits of error of the 
method. 

Discussion. These experiments demonstrate the presence in dogs’ lipemic 
serum of one or more agents which act directly on red blood cells to increase 
their fragility. Probably these agents are the free fatty acids and soaps which 
account for the hemolytic potency of thoracic duct lymph after fat absorption 
(Freeman and Johnson, 1940). They apparently proceed from the lymph into 
the blood in sufficient concentration to cause this increase in red cell fragility. 
Chemical determinations of these substances in the serum after a fat meal 
have not been done. 

The evidence strongly suggests that red cells are injured in vivo very soon 
after the products of fat digestion enter the bloodstream. It follows that the 
increased blood destruction during a prolonged high fat diet (Freeman, Loewy, 
Marchello and Johnson, 1942) may be accounted for largely or wholly by con- 
tinual repetitions of this short-time effect rather than by some longer, more 
indirect, metabolic process. Indeed the possibility that ketone bodies may be 
the destructive agents has probably been eliminated in the experiments of 
Josephs, Holt, Tidwell and Kajdi (1938). Experiments by Freeman, Loewy 
and Johnson (1943) lend strong support to the concept that free fatty acids or 
soaps can act almost at once to increase red cell destruction. They demon- 
strated an increased bilirubin excretion in anesthetized dogs within an hour or 
two after injection of small quantities of fatty acid or soap into the jugular 
vein. 

It may be, as perhaps suggested by the experiments where sugar and protein 
were fed, that the non-fat elements of the diet serve in small part to protect 
against the injurious effect of fat on the red blood cells. However, at least in 
dogs, fat ingestion probably is an important mechanism in the normal daily red 
cell destruction. 
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Considered in the light of this property of ingested fat, it seems probable 
that the following well-known phenomena have definite adaptive values hitherto 
not emphasized: 1, the tendency to vomit after a high fat meal; 2, the slower 
emptying time of the stomach after fat meals than after meals high in carbohy- 
drate or protein; and 3, the absorption of fat into the lymphatic system and its 
subsequent gradual introduction into the circulating blood. All these prevent 
the digestion products of ingested fat from entering the blood stream too quickly 
or in too great amounts. They would appear to be part of a physiological 
system of checks to prevent excessive red cell destruction. The ultimate check 
against anemias of increased red cell destruction is the bone marrow which, in 
animals on prolonged fat diets, is capable of replacing the extra cell losses 
(Freeman, Loewy, Marchello, and Johnson, 1943). When these checks are 
inadequate or when the blood cells themselves are more susceptible to fat injury, 
an anemia may well develop. These possibilities remain to be investigated as 
causative factors in certain human anemias. 

It is of interest that injury from fat ingestion is encountered in cells other 
than the erythrocytes. A number of recent animal experiments indicate that 
high fat diets also produce liver damage. These experiments fall into two 
groups: 1, those in which fat ingestion apparently damages the liver cells 
directly (Blumberg and McCollum, 1941; Gyérgy and Goldblatt, 1941); and 2, 
those in which fat ingestion acts by increasing the susceptibility of the liver to 
damage by other agents. Deleterious agents which have been used in such 
experiments are chloroform (Goldschmidt, Vars, Raudin, 1939), carbon tetra- 
chloride (Bollman, 1940) and arsphenamine (Messinger and Hawkins, 1940). 
In the case of arsphenamine poisoning, when high carbohydrate or protein 
diets were changed to high fat diets, the icterus index showed a progressive 
increase. The work presented here suggests that this icterus may be caused 
in part by increased blood destruction as well as by liver damage. If fat is 
injurious to both blood cells and liver cells, it would seem to increase the likeli- 
hood that fat ingestion may be related to the etiology of certain anemias. 


SUMMARY AND CONCLUSIONS 


1. After fat ingestion an agent which increases the fragility of red blood cells 
is present in dog’s serum. 

2. Neutral fat is not this agent. Previous work indicates that free fatty acids 
and soaps, reaching the blood stream by way of the lymphatics, are probably 
responsible for the effect. 

3. Ingestion of carbohydrates and proteins does not increase red cell fragility. 
On the contrary, meals rich in these substances produce serum which may 
actually protect red cells from water hemolysis. 

4. These results, when considered with the finding of increased red cell de- 
struction in vivo on a high fat diet, indicate that fat ingestion probably is an 
important mechanism in the physiological destruction of red cells in dogs. 

5. These experiments suggest further that the mechanism of the demonstrated 
in vivo red cell destruction by fat ingestion is immediate and direct and may 
not involve any relatively long metabolic process. 
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6. It is suggested that those physiological mechanisms which delay the 
absorption of fat and its entrance into the bloodstream are probably significant 
in the prevention of anemia. 
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The visual mechanism manifests marked changes in function when its oxidative 
processes are disturbed.!. Such a disturbance may be caused by exposure to low 
atmospheric oxygen tensions, as in high altitude flying, and by reducing the 
supply of metabolites which can be utilized by the central nervous system, as in 
insulin hypoglycemia (1). During anoxia, the visual field appears to become dim. 
On readmission of oxygen, it appears to become brighter again. A quantitative 
and highly sensitive index of such changes in visual sensitivity during anoxia can 
be obtained by determining the absolute light threshold, as shown by McFarland 
and Evans (2). They found, for example, that at a simulated altitude of 15,000 
feet a light intensity 2.5 times as great as normal was required in order for it to 
be seen. ° 

Experimental evidence has been presented by both Crozier and Holway (3) 
and by Hurvich (4) in support of the view that the critical determinants of the 
visual sensory processes may be central rather than photochemical in nature. 
The effects of anoxia seem also to be attributable primarily to alterations in the 
neural elements of the visual mechanism, although the exact locus remains to be 
determined. The following facts indicate that the photochemical mechanism is 
not involved: a. The light sensitivity of a previously dark-adapted individual is 
reduced by subsequent oxygen deprivation. It is presumed that the concentra- 
tion of the photosensitive substances remains unchanged, since no exposure to 
light has taken place. Furthermore, the decreased sensitivity could not be due 
to delayed regeneration of these substances, since this process had been completed 
before exposure to anoxia (5). b. In vitro, the rate of decomposition and re- 
generation of visual purple is not affected by the absence or presence of oxygen 
(6). c. Although different photosensitive substances are concerned with rod and 
with cone vision, anoxia causes an equal rise in the rod and cone thresholds (7). 
d. The threshold of the eye to electrical stimulation, which presumably does not 
depend on photochemical mechanisms, also rises during anoxia (8). e. On read- 
mission of oxygen, the rate at which sensitivity is recovered is much more rapid 
than can be accounted for by the rate at which the visual pigments regenerate. 

In order to determine the effect of anoxia on a visual function at illuminations 
of higher than threshold intensities, McFarland and Halperin (9) made a study 


1 For a comprehensive summary of the literature concerning the effects of anoxia on 
vision, see McFarland, R. A., J. N. Evans and M. H. Halperin. Arch. Ophthal. 26: 886, 
1941. 
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of foveal visual acuity in relation to illumination. In normal air, the logarithm 


of visual acuity rises continuously as the logarithm of illumination intensity is 
increased—rapidly at first, then more gradually until a maximum is reached and 
the curve becomes horizontal. During exposure to low oxygen tensions, the 
form of this curve remains unaltered, but the curve as a whole is translated to the 
right along the intensity axis. The amount of this translation is of the same 
order of magnitude, in logarithmic units, as in the case of the absolute thresholds 
at comparable degrees of anoxia. Studies of other visual functions, such as 
intensity discrimination (differential sensitivity), have vielded similar results 
(10). 

The relationship between oxygen deprivation and the latency of visual after- 
images has been investigated in two previous studies. Gellhorn and Spiesman 
(11) performed experiments on subjects who breathed gas mixtures deficient in 
oxygen at sea-level pressure. The stimuli were colored squares or a white light, 
and the fixation time ten seconds. Whereas a reduction of the oxvgen concen- 
tration to 13 per cent was without effect on the latency of the after-image, 
changes of considerable magnitude occurred when air containing 9 to 11 per cent 
oxygen was breathed. Under these conditions, the after-images were either 
delayed, or they failed to appear at all. In subjects acclimatized to high alti- 
tudes during the International High Altitude Expedition to the Chilean Andes, 
MeFarland (12), using a similar method, likewise found a lengthening of the 
latent period. This prolongation became statistically significant only at 21,100 
feet, which corresponds to an oxygen concentration of 9.5 per cent at sea-level 
pressure. 

Certain experimental limitations of these earlier studies, as, for example, their 
restriction to a single value of the stimulus intensity continuum, suggested the 
advisability of a more extensive investigation of the behavior of after-images 
during anoxia. In the present study the intensity of the stimulus was varied over 
a wide range so that the behavior during anoxia of the entire function might be 
observed. The present experiments differ from the earlier ones also in employ- 
ing a brief stimulus duration of 0.2 second. The relationship between stimulus 
intensity and the latency of after-images has been studied under a wide variety 
of experimental conditions in normal air (13-17). The results differ widely and 
depend on such variables as the state of retinal adaptation and the exposure 
time, size, the retinal location, and spectral composition of the stimulus, as well 
as the background against which the after-image is observed. The problem 
becomes complicated when prolonged stimulus exposures are employed, since 
the eye cannot be maintained motionless for more than a fraction of a second, and 
adjacent retinal areas are unequally exposed to the stimulus when the eye moves. 
Also, observation of the after-image against an externally illuminated background 
results in the appearance of “‘positive’”’ and “‘negative” phases of the after-image. 
Such complicating factors can be minimized by utilizing stimuli of very short 
duration and observing the after-image in complete darkness. In this manner, 
fixation is more easily controlled and only ‘‘positive’”’ after-images (i.e., images 
brighter than the background) are seen. 
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Even under such simplified conditions, the results obtained seem to depend on 
the intensity range. Hurvich and Joensson (17) made a systematic investiga- 
tion of the latent time of a bluish-gray after-image which appears approximately 
0.5 to 1.5 seconds after cessation of a brief white stimulus. The latent time of 
this image decreased with an increase of stimulus intensity, duration, or area. 
When the magnitude of any one of these variables was raised beyond certain 
limits, there was a brilliant after-glow following the cessation of the stimulus, 
which obscured the appearance of the usual bluish-gray after-image. Feinbloom 
(16) also used brief stimuli and observed the after-image in complete darkness. 
He employed, however, a range of stimulus intensities beginning at a higher 
brightness level than did Hurvich and Joensson. The positive after-image which 
he observed appeared several seconds after cessation of the stimulus. The latent 
time of this image increased with an increase of stimulus intensity, duration, or 
area. The after-images described by Hurvich and Joensson differed also in 
certain qualitative characteristics from those reported by Feinbloom. Whereas 
the former found the color of the after-image to be bluish-gray regardless of the 
spectral composition of the stimulus, the latter reported the color of the after- 
image to vary with the color and intensity of the stimulus. 

The present study was performed with the same apparatus and under the same 
experimental conditions as employed by Hurvich and Joensson (17). The after- 
image observed under these conditions is described by them as corresponding to 
that known traditionally as the tertiary or Hess image. 

Apparatus. The various components of the optical system employed were 
mounted on an optical bench and arranged so as to provide independent control 
of three stimulus variables: (1) intensity, (2) duration and (3) area. In this 
study only the first of these was varied. 

The light source was a 100-watt, 115-volt Mazda projection lamp. A lens 
served to condense the light rays upon the surface of a milk glass plate (3 x 3 
em.). The latter was placed so that the aperture of the stop delimiting the size 
of the stimulus field was uniformly illuminated. An aperture of 11.9 mm. diam- 
eter, subtending an angle of two degrees at the eye of the observer, was employed. 
Intensity was controlled by the use of neutral-tint Wratten filters and a specially 
mounted pair of optical wedges arranged in compensating fashion. The duration 
of the stimulus exposure was kept constant throughout these experiments at 0.2 
second by means of a Compur camera shutter placed between the wedges and an 
artificial pupil. The latter was 1 mm. in diameter. A synchronizing switch 
mounted on the shutter made it possible to start an electric timing clock auto- 
matically at the end of the stimulation period. The observer’s eye was placed 
at a distance of 35 cm. from the plane of the aperture. A Bausch and Lomb head 
rest and chin support facilitated the maintenance of fixation. A red fixation dot, 
1 mm. in diameter, was continuously visible, being reflected from a glass wafer set 
at an angle of 45 degrees to the line of regard. The fixation dot was centered in 
the stimulus field and was also at a distance of 35 cm. from the observer. Ex- 
traneous light stimulation was eliminated by placing the observer in a light-proof 
cubicle painted black. 
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For the adapting field, a large white matte surface subtending 50 x 65 degrees 
was fixed on the wall of the chamber adjacent to the apparatus at a distance of 
50 cm. from the observer’s eye. The intensity of light reflected by this adapting 
field was kept constant throughout the experiments at approximately ten foot 
candles. 

The measured time interval—i.e., the time elapsing between the cessation of 
the stimulus and the signal of the occurrence of the after-image—is termed the 
latent period. To measure this interval, a six-volt battery was connected in 
series with a precision-timer? reading in hundredths of a second, the synchronizing 
switch on the camera shutter, and a signal key manipulated by the observer. 
Before each stimulus presentation, the observer depressed the signal key. At the 
moment the stimulus field was cut off, the shutter switch was automatically 
tripped. This completed the circuit and thus started the timer. The latter 
stopped when the observer signalled the onset of the after-image by breaking the 
circuit as he released the depressed key. 

EXPERIMENTAL PROCEDURE. The experiments were performed in a sealed 
chamber which permitted the regulation of temperature and ventilation by means 
of an air-conditioning unit, and the variation and maintenance of the oxygen 
content of the air at any desired level, the total barometric pressure remaining 
constant. 

The data required for the determination of each curve relating stimulus inten- 
sity to latency of the after-image were obtained as follows. Observations were 
preceded by three minutes of bright adaptation to the ten foot-candle adapting 
field, followed by five minutes of dark adaptation. All observations were made 
with the right eve. The measurements were taken in such a sequence as to be 
homogeneous for intensity. A single measurement was made consecutively at 
ach intensity, passing usually from the lowest to the highest. The direction 
was then reversed until either three or five readings had been obtained at each 
point. Following each single determination the observer was given a thirty- 
second rest period. Additional pauses were introduced at the end of each series 
(one reading at each of the four or five intensities), and whenever the observer 
reported fatigue or persistent visual after-effects. 

The procedure thus outlined was first carried out in normal air (21 per cent 
oxygen). Samples of the subject’s normal alveolar air were obtained. The 
concentration of oxygen in the chamber was then reduced to the desired level in 
about twenty minutes by diluting the air with nitrogen. After about ten 
minutes’ exposure to the low oxygen tension, the experimental procedure was 
repeated. Samples of the chamber air and of the subject’s alveolar air were 
obtained before and after the visual measurements. They were subsequently 
analyzed for oxygen and carbon dioxide on a standard Haldane apparatus. The 
determinations at the simulated high altitude were followed by administration for 
stated intervals, of 100 per cent oxygen through a mask. The after-image 
measurements were then repeated (‘‘recovery curve’’). 


2 Model S-1, Standard Electric Time Company, Springfield, Mass. 
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Means and standard deviations (S.D.) were computed for the three or five 
observations at each stimulus intensity by the usual methods. In those instances 
in which combined means are given for several experiments (table 1), the com- 
bined standard deviation at each intensity was computed according to the 
equation 8. D. = / ~P° | where p is the number of individual observations 

n—?T 
TABLE 1 
The effect of oxygen deprivation on the latency of visual after-images 
(See fig. 1A, B, and C) 


LATENT TIME OF AFTER-IMAGES (SECONDS)* 

LOGio 
STIMULUS 
SUBJECT INTENSITY Normal air 
(PHOTONS) |——— 
Mean S.D. Mean S.D. Mean 


Low oxygent Recovery with oxygent 


$.D. 


LMH (mean of 3 ex- .16 1.33 0.08 -51 (11)* | 0.13 
periments§ at 10.4- 137 0.06 0.13 
11.2 per cent 2.13 1.08 0.07 P 0.10 
oxygen) .79 0.93 0.06 .02 0.08 


JDM (mean of 2 ex- ‘ 1.33 
periments at 11.2- 
11.3 per cent ‘ 
oxygen) 0.59 


MHH (one experiment , 1.62 


at 12.5 per cent d 1.11 .28 


1 

oxygen) 0.85 0. 0.03 

0. 


0.82 0.04 

* The number of observations represented by each datum is as follows: subject LMH, 
13; subject JDM, 8; subject MHH, 5. Numbers in parentheses indicate the number of 
measurements on which the mean is based in those cases in which the after-image failed 
to appear during one or more observations. 

+ See table 4 for the individual alveolar air and chamber air analyses. 

t The time during which oxygen was breathed subsequent to exposure to the reduced 
oxygen tension (‘recovery time’’) was as follows: subject LMH, 45-50 minutes; subject 
JDM, 25-38 minutes; subject MHH, 17 minutes. 

§ Recovery curves were obtained in only two of these three experiments. In order to 
make the mean of these two comparable to the mean of all 3 experiments in normal air, a 
correction factor was applied. This was derived from the ratio of the means for all three 
normal-air curves to the means for the normal-air curves in these two experiments. 


and o the standard deviation of these observations in each experiment, n the total 
number of observations and r the number of experiments. 

Resutts. The relationship between the latency of visual after-images and 
stimulus intensity,’ during exposure to various atmospheric oxygen tensions, is 


3 Stimulus intensity is expressed in photons (millilamberts X — X pupil area in square 


millimeters). 


4, 
1.27 0.20 
1.15 0.19 
1.10 0.10 
0.96 0.06 
0.07 1.53 (3) 0.11 1.35 0.14 
: 0.11 1.30 0.12 1.16 0.15 
0.12 0.97 0.21 0.83 0.05 
0.07 0.75 0.13 0.67 0.12 
1.60 0.23 
1.04 0.26 
0.88 0.04 
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shown in table 1 and figure 1 (A, Band C). These data are based on six experi- 
mental sessions employing three trained subjects. Each session consisted of a 
series of measurements in normal air (21 per cent oxygen), followed by repetition 
of the determinations during anoxia. Finally, 100 per cent oxygen was admin- 
istered and observations were repeated after stated recovery intervals. 

The general form of the function relating latent time to stimulus intensity is 
curvilinear. The latent time decreases as the stimulus intensity is increased— 
rapidly at first, then more gradually. Furthermore, a given degree of anoxia 
causes a delay in the appearance of the after-image over the entire range of 
stimulus intensities, the magnitude of the delay being a function of the stimulus 
intensity. 

The limited accuracy of the measurements precludes the possibility of a unique 
mathematical description of the displacement of the curves caused by anoxia 


TABLE 2 
The effect of progressive degrees of anoxia on visual after-images 
Data from one experiment on subject MHH (see fig. 1D) 


LATENT TIME OF AFTER-IMAGE (SECONDS)* 

Normal air | 13.7°% oxygen 12.1% oxygen 10.8% oxygen 

Mean Mean Mean S.D. Mean S.D. Mean $.D 

0.60 1.38 0.09 2.06 0.44 1.86 0.08 2.19 0.34 1.14 0.05 

0.93 1.13 0.14 1.45 0.18 1.53 0.09 1.78 0.04 1.01 0.06 

1.56 0.98 0.11 1.11 0.09 1.29 | 0.21 1.58 | 0.19 | 0.91 0.02 

2.20 0.78 0.06 0.87 | 0.06 | 0.82 | 0.07 1.10 | 0.17 | 0.70 | 0.04 

2.84 0.65 0.06 0.66 0.05 0.72 0.08 0.96 0.06 0.68 0.08 


* Each entry is the mean of three observations. 
+ After twenty minutes. 

t Mean of two observations. After-image failed to appear once. 

i.e., whether it is horizontal, vertical, or both. Relatively more precise measure- 
ments of visual acuity (9) and intensity discrimination (10) have shown that 
during anoxia the curves relating these variables to the logarithm of stimulus 
intensity are displaced solely on the intensity axis. The curves in figure 1 were, 
therefore, drawn in such a manner as to determine whether the effect of anoxia on 
the latent time might similarly be described in terms of a horizontal translation 
along the intensity axis. A curve was first fitted by visual inspection to one set 
of points in each graph. The same curve was then translated horizontally until 
it fell on the other set, extrapolating when necessary. In each case, the curve 
which fits the normal air data was found to fit those for low oxygen as well, when 
transposed on the intensity axis. The form of the curve is thus identical under 


all the conditions tested. The effect of anoxia may be described simply as a 
translation of the curve to the right along the intensity axis, causing a prolonga- 
tion of the latent time for any given stimulus intensity. 
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Fig. 1. The effect of anoxia on the relation between the latent time of visual after-images 
and stimulus intensity. Graphs A, B and C are based on the data in table 1, and graph D 
on those in table 2. In each ease, the observations were made under the conditions and in 
the sequence indicated by the corresponding legend. 

A curve was first fitted to one set of points in each graph and then transiated horizontally 
until it fell on the other set or sets of points extrapolating when necessary. (In graphs A, 
B and C, the open and solid circles were treated as a single set.) Since in each graph a 
satisfactory fit to each set of points could be obtained by horizontal translation of the 
same curve, the effect of anoxia may be described as a displacement of the curve to the 
right on the intensity axis. This results in a prolongation of the latent time for any given 
stimulus intensity. 
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This translation is similar in direction and magnitude (when expressed in 
logarithmic units of intensity) to that observed in the case of foveal visual acuity 
(9) and intensity discrimination thresholds (10), during comparable degrees of 
anoxia. The meaning of such a translation in each of the three cases is that a 
greater intensity of light is necessary during anoxia to produce a given visual 
response. This is equivalent to the effect of a reduction in the intensity of the 
stimulus by placing a light filter or smoked glass before the observer’s eye. At 
low intensities of illumination, where the curves are steepest and a small decrease 
in illumination causes a large change in the visual function, anoxia similarly 
sauses a large change. At progressively higher intensities of illumination, where 
the curves are less steep and a proportionate decrease in illumination causes less 
change in the visual function, anoxia likewise has a progressively smaller effect. 
This dependency of the magnitude of change in latent time during anoxia on 
stimulus intensity is confirmed by the data in table 1. These indicate that the 
prolongation of latent time is greater for stimuli of low intensity than for more 
intense ones. In fact, the least intense stimulus employed, which always vielded 
an after-image in normal air, frequently failed to produce one during oxygen 
deprivation, the latency thus being prolonged indefinitely. For example, in the 
‘ase of subject JDM, during anoxia an after-image appeared in only three of a 
total of eight trials at the lowest intensity. 

The effect of successive exposure to three progressively more severe degrees of 
oxygen lack is shown in figure 1 (D) and table 2, which present the data for one 
subject. A curve was fitted to one set of points by visual inspection and trans- 
lated horizontally to fit the other sets. In general, the extent to which the curve 
is displaced varies directly with the degree of oxygen deprivation. There is, 
however, some overlapping of the data at the first two stages of oxygen lack. 
This experiment, in which only three observations were made at each point, 
required approximately five hours. Because of the small number of observations 
which were thus possible, conclusions as to the quantitative relation between the 
degree of oxygen deprivation and the change in the latency of the after-images 
cannot be drawn. Furthermore, control experiments on other subjects, who 
made an equal number of observations over a period of four hours in normal air, 
also showed a tendency toward a lengthening of the latent time toward the end of 
the experiment, possibly as a result of fatigue. It is possible, therefore, that a 
part of the change at the lowest oxygen concentration may also be attributable 
to fatigue. The complete reversal of the change upon administration of oxygen 
suggests, however, that the prolongation was due primarily to anoxia. Here, 
again, the changes were greatest at the lowest intensities (where the curve is 
steepest) and least at the brightest intensities (where the curve is less steep). 

Experiments on light sensitivity (2) and on foveal visual acuity (9) have indi- 
cated that when oxygen is administered subsequent to oxygen deprivation full 
recovery of these functions takes place in three or four minutes. It was antici- 
pated, therefore, that the latent time of the after-images would behave in a 
similar fashion. Preliminary experimentation indicated very clearly, however, 
that three or four minutes of oxygen inhalation failed to produce even an appre- 
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ciable degree of recovery. As table 3 and figure 2 indicate, the curve relating 
latency to stimulus intensity does not return to its original position even after a 
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TABLE 3 
Slow recovery of latent time of after-image subsequent to anoxia 


HURVICH AND M. 


H. 


HALPERIN 


Data from one experiment on each of two subjects (see fig. 2) 


| 
SUBJECT | 


LOGio | 
STIMULUS 
INTENSITY | 


| (PHOTONS) 


MHH | 


LMH 


0 

1.16 
1.48 
2.13 
2.79 


1.16 
1.48 
2.13 
2.79 


LATENT TIME OF AFTER-IMAGE (SECONDS)* 


Normal air 


10.4% oxygen 


Recovery with 


|Recovery with oxygen 


oxygen—10 min. | —50 min. 
Mean SD. | Mean { SD. | Mean | SD. | Mean | SD. 
| 
1.97 0.22 2.34 | 0.35 | 1.99 0.21 1.91 | 0.20 
1.38 | 0.30 1.80 | 0.09 | 1.50 0.21 1.87 | ¥.16 
1.10 | 0.08 | 1.42 | 0.15 1.31 0.19 1.12 | 0.15 
0.89 | 0.10 | 0.94 0.09 0.91 0.10 0.87 0.09 
0.69 | 0.13 | 0.89 0.16 0.75 0.06 0.63 0.07 
1.31 0.07 1.65 0.16 1.41 0.13 1.32 0.13 
1.25 0.06 1.38 0.08 1.37 6.12 1.21 0.09 
1.06 0.06 1.16 0.08 1.17 0.06 1.16 0.09 
0.97 | 0.03 1.10 0.09 1.02 0.06 0.96 0.04 


| 


* Each entry is the mean of 5 observations. 


TABLE 4 
The mean oxygen and carbon dioxide content of the alveolar air and of the chamber air during 
the experiments reported in tables 1, 2 and 3 


: ALVEOLAR AIR | CHAMBER AIR 
| rae | 
i SUBJECT | Normal In low oxygen 
| Cm CO: O: 
i mm. Hg mm. Hg mm. Hg | mm. Hg per cent per cent feet 
Table 1 | LMH*? 38 100 32 40 0.22 | 10.81 | 17,000 
| JDMt | 38 103 35 41 0.29 11.24 16,000 
Bae | MHH 39 99 34 | 50 0.20 12.52 13,300 
i Table 2 | MHHt 39 99 | | 
| Ist alt. ae ee 0.21 | 13.66 | 11,000 
a | 2nd alt. | | 36 46 0.23 | 12.14 14,000 
8rd alt. | 32 | 31 | 0.50 | 10.80 | 17,000 
Table 3 | MHH 42 | 95 34 35 0.18 | 10.51 17,600 
| LMH ee ae eee: 32 35 0.18 | 10.36 18,000 
H * Mean of 3 experiments. 


+ Mean of 2 experiments. 
t Three successive ‘‘altitudes’’ in single experimental session. 


ten-minute recovery period. 


breathed during these observations which lasted twenty minutes. 


It should also be noted that oxygen was still being 
After oxygen 
had been breathed for fifty minutes, the measurements were repeated and com- 
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plete recovery was found to have taken place. Apparently, the severity of 
anoxia is a factor in determining the recovery time. In an experiment on subject 
MHH (table 1, fig. 1 (C)) a seventeen-minute recovery period sufficed after 
exposure to 12.5 per cent oxygen whereas a longer period was necessary after 
exposure to 10.5 per cent oxygen (fig. 2 (A)). Similar findings in relation to 


2.60 
O Norma! Air 
410.4% 
© 100% - !Omin. 


@ 100% - 50min 
2.20 


(SECONDS ) 


1.40 


LATENT TIME 


1.00 


2 3 
LOGio STIMULUS INTENSITY (PHOTONS ) 


Fig. 2. The slow recovery of the latent time subsequent to anoxia. The half-solid circles, 
representing measurements begun after oxygen had been breathed for ten minutes, indicate 
that only partial recovery had taken place. After fifty minutes with oxygen, recovery was 
complete. This may be contrasted with the rapid recovery of light sensitivity, which is 
complete within several minutes when oxygen is administered after oxygen-deprivation. 

The two curves in each graph are identical, a curve having been fitted to one set of points 
and translated horizontally to fall on the other set. The open and solid circles were treated 
as a single set. 


recovery from anoxia have been reported by Gellhorn and Spiesman (11), who 
observed that in some cases the latent period remained lengthened ten minutes 
after exposure to atmospheres deficient in oxygen. 

The results of the analyses of the alveolar air and chamber air samples obtained 
during the experiments described in tables 1, 2, and 3 are presented in table 4. 
The findings are consistent with those of earlier experiments. 
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Discussion. The measure of latent time employed in these experiments is of 
necessity a composite one, involving not only the true latent time of the visual 
function, but also the reaction time of the observer. The question arises, there- 
fore, as to how much of the observed change during oxygen deprivation is due to 
each of these components. Earlier experiments on simple reaction time (18) have 
shown a prolongation of only about 0.02 second under conditions of anoxia even 
more severe than those in this experiment. The changes observed in the present 
study are of a much greater order of magnitude. Consequently, by far the largest 
proportion of the observed difference is due to an alteration in the true latent time. 
Furthermore, the fact that after-images frequently failed to appear at all in 
response to weak stimuli during anoxia indicates a change in the sensory rather 
than the motor mechanism involved in the subject’s response. Prolongation of 
the reaction time would be expected to result in an upward translation of the 
curve on the time axis. It is not possible to ascertain from the data obtained in 
this experiment whether the translation of the curve during anoxia has a vertical 
component in addition to the horizontal one. 

An analysis of the mechanisms underlying the change in latency of the after- 
image during anoxia cannot be presented, since the mechanisms responsible for 
the after-images in normal air are unknown. In a general way the relation 
between the latency of the after-image studied in this experiment and stimulus 
intensity resembles that between the latency of the electrical after-discharge 
observed in studies of the optic nerve potential and stimulus intensity (17, 19). 
The latent time of each of these phenomena decreases as the stimulus intensity 
is increased. The order of magnitude of the latent time of the after-image is, 
however, much greater than that of the electrical after-discharge in the organisms 
studied to date. No reports have been published which deal with the optic nerve 
potentials during oxygen lack. Further correlation of these phenomena is, 
therefore, not possible at the present time. 

The fact that the action of anoxia on the latency of after-images is comparable 
to decreasing the brightness of the stimulus (the latent time being prolonged in 
both cases) suggests the possibility that the prolonged latency may be closely 
associated with the apparent dimming of the stimulus which is known to take 
place during oxygen deprivation. However, when oxygen is administered after 
exposure to low oxygen tensions, the visual field rapidly becomes brighter; light 
thresholds return to normal levels within three to four minutes. Yet the latency 
shows practically no recovery after one breathes oxygen for a similar length of 
time. Consequently, other factors than those causing the change in apparent 
brightness of the stimulus must be involved and are probably related to a change 
in the velocity of the physiological processes underlying the eventuation of the 
after-image. Additional evidence that the changes in some visual functions 
during anoxia are not due solely to the factors producing the change in apparent 
brightness of the stimulus has been brought forward by Berger, McFarland, 
Halperin and Niven (20). They studied the effect of oxygen lack on the resolving 
power of the eye, employing as a test object two luminous points on a dark 
ground. The resolving power, as measured by this method and in the intensity 
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range employed, improves when the brightness of the test points is decreased. 
It was expected, therefore, that anoxia, which is associated with an apparent 
dimming of the test points, would also improve the resolving power. On the 
contrary, an impairment took place, indicating the operation of other factors. 

The practical importance of after-images in relation to anoxia is probably not 
as great as that of visual acuity or light-sensitivity. The slowness of the recovery 
of this function when oxygen is breathed after exposure to low oxygen tensions 
may, however, be of practical significance. The behavior of the visual mecha- 
nism is believed to reflect changes in the central nervous system, since the retina 
is embryologically a part of the central nervous system and resembles it metaboli- 
cally and anatomically. The slowness of the recovery of the function studied 
here may, therefore, be indicative of a similar delay in the recovery of other 
central nervous functions. This emphasizes the importance of the use of oxygen 
by airplane personnel at high altitudes as a preventive measure before any appre- 
ciable effects of anoxia occur. If, instead, oxygen is used only after the changes 
have already taken place, a comparatively long time may be required to reverse 
them. The possibility that some central nervous functions recover slowly after 
anoxia suggests, furthermore, that certain factors contributing to landing 
accidents at sea-level after high altitude flights without an adequate oxygen sup- 
ply may be attributable to the residual effects of oxygen lack. 


SUMMARY 


1. The effect of oxygen deficiency on the latent time of the ‘“‘tertiary”’ visual 
after-image was measured in a low oxygen chamber over a wide range of stimulus 
intensities. Nine experiments were performed on three trained observers. 

2. In normal air, there is an inverse relationship between the latent time of the 
after-image and the intensity of the stimulus; a reduction of the intensity of the 
stimulus prolongs the latency of the after-image. 

3. Anoxia prolongs the latency of the after-image. This effect is consistent 
with the apparent dimming of the visual field which occurs during oxygen 
deprivation. 

4. The magnitude of the increase in the latent time during anoxia is inversely 
related to the intensity of the stimulus. 

5. During oxygen deprivation, the curve relating the latent time of the after- 
image to the logarithm of stimulus intensity is translated horizontally to the right 
on the intensity axis. This displacement is in the same direction and of the same 
order of magnitude as in the case of the curves relating foveal visual acuity and 
intensity discrimination to the logarithm of stimulus intensity. The data are 
not sufficiently precise to rule out the possibility of a slight vertical translation 
as well. 

6. The complete recovery of the latent time upon administration of oxygen 
may require up to fifty minutes, depending on the degree and duration of the 
antecedent oxygen deprivation and other factors. The apparent brightness of 
the visual field, and light thresholds, is restored to normal within three to four 
minutes. Consequently, the factors underlying the apparent dimming of the 


, 366 


R. A. MCFARLAND, L. M. HURVICH AND M. H. HALPERIN 


stimuli cannot be the only ones responsible for the prolongation of the latent time 
i of the after-image. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 
(19) 


(20) 
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In the course of studies on the mechanism of secretion of the intraocular fluid, 
it has been shown that the secretory activity of the ciliary body is intimately 
connected with the existence in the tissue of a chain of redox reactions which link 
the cytochrome oxidase systems of the epithelium with the dehydrogenase 
enzymes and substrates of the stroma (1). This redox chain can be activated 
by the presence of minute amounts of epinephrine in the tissue (2). These 
experiments have not revealed whether some derivative of epinephrine enters 
directly as a mediating link in the redox chain, or whether the activation occurs 
in some more indirect manner. However, the first of these alternatives is at 
least possible for it has been shown by direct enzymatic studies that a derivative 
of the oxidation of epinephrine by the cytochrome system or by polyphenol 
oxidase can act as an oxidative mediator (3). 

In view of these findings it was natural to inquire whether the pharmacological 
activity of epinephrine? on other adrenergic organs might occur through the 
activation by epinephrine of some redox pathways in the tissue metabolism 
which are not utilized by the tissue in its resting state. This large question 
regarding the mechanism of pharmacological action of epinephrine, we have not 
so far been able to subject to direct experimental test. A preliminary approach 
to the problem, however, is furnished by the following argument. The oxidative 
chains which we are considering require as their first step the oxidation of epi- 
nephrine by an iron or copper containing system. Such a system would be 
expected to be cyanide sensitive. The degree of cyanide sensitivity of the ad- 
renergic reaction of various smooth muscle preparations is readily susceptible to 
experimental investigation. The present report concerns experiments under- 
taken with this end in view. 

The muscle of the rabbit’s small intestine is a particularly favorable organ for 
these experiments since, when suspended in glucose-Tyrode solution, this tissue 
undergoes continuous rhythmic contractions. The administration of epineph- 
rine causes an arrest of these contractions. On such an organ it is readily possible, 
therefore, to distinguish the effect of a small dose of cyanide which inhibits the 
epinephrine effect from that of a larger dose of cyanide which abolishes the 
rhythmic contraction of the muscle altogether. Most of our experiments were, 
therefore, performed on this organ. It is possible, however, to extend these 
studies also to organs in which epinephrine excites muscular contractions. 


1 This work was supported in part by the John and Mary Markle Foundation. 
2 The epinephrine for our experiments was kindly supplied to us by Parke, Davis & Co. 
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When, in such an organ, the response to epinephrine has been abolished by cya- 
nide, it is stil! possible to distinguish between an inhibition of the adrenergic 
response and a paralysis of the muscle by testing the response to some other 
pharmacodynamic agent. Experiments of this type will also be reported below. 

Scattered and somewhat conflicting reports are to be found of experiments 
similar to those here contemplated. Evans (4) found that the blood pressure 
response to epinephrine was depressed in cyanide poisoning though the vessels 
still responded to pituitrin and barium. However, he reports synergism between 
cyanide and epinephrine on the intestine. Masing (5) found that cyanide in- 
hibited contraction of the hepatie vessels by epinephrine but found that the 
glycogenolytice effect of epinephrine was not inhibited by cyanide. This latter 
is in agreement with Cori’s conclusions that the glycogenolytic effect of epineph- 
rine involves essentially anaerobic mechanisms (6). Hazama (7) reported that 
eyanide in small doses abolishes the inhibitory effect of epinephrine on the 
intestine and itself caused slight excitation of this organ and Starkenstein (8) 
found that cyanide excited contractions in the epinephrine inhibited intestine. 

Our own experiments were performed exclusively on excised organs suspended 
in Tyrode solution, thus avoiding the possibility of complex and indirect effects 
that may be present in experiments on the intact animal. However, experiments 
on such isolated tissues are also not devoid of their own special complications. 
In particular we found it necessary early in our work to attempt to distinguish 
between effects taking place in the bathing fluid and those taking place within 
the tissue. It is well known that epinephrine undergoes oxidation when placed 
in Tyrode solution and rapidly loses its pharmacological potency. The suppres- 
sion of heavy metal catalysis of such oxidation by cyanide would lead to a larger 
effective dose of epinephrine reaching the tissue when cyanide is present in the 
bathing fluid than when cyanide is absent. In order to avoid the confusion of 
true pharmacological effects by chemical reactions occurring in the bathing fluid 
it was, therefore, necessary for us to find some way of controlling the oxidation 
of epinephrine in the bathing fluid. 

Bathing fluid: effects. The literature on ‘“auto-oxidation” of epinephrine is 
quite extensive and has recently been reviewed by Starkenstein (8), and by 
Clark and Raventés (9). A great variety of substances have been found to 
inhibit the auto-oxidation of epinephrine in vitro, and several of these have been 
shown to enhance and prolong the response to epinephrine of various tissue 
preparations. Among the factors which enhance the rate of epinephrine auto- 
oxidation are: high pH, traces of iron or copper, exposure to glass surfaces. In 
Tyrode solution, the rate of auto-oxidation of epinephrine is 5 times that in 
blood. 

Among the substances which diminish the auto-oxidation of epinephrine are 
pyrogallol, ascorbic acid, glutathione, amino acids, serum and tissue extracts. 
It is likely that what has been called “sensitization to epinephrine” by serum in 
the pharmacological assay technique (Schlossmann and others) (10) is due to 
prevention of auto-oxidation. The same holds true for sodium citrate which is 
recommended as a sensitizer in epinephrine assay by Stuber (11). 
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CYANIDE AND OTHER SUBSTANCES IN ACTION OF EPINEPHRINE Sie 


Our experiments were performed on isolated rabbit’s small intestine and on 
non-pregnant rabbit’s uterus using the arrangement of Magnus (12). 


The test tissue was suspended in 100 ec. well aerated Tyrode solution containing 0.1 per 
cent dextrose. The ratio of bathing fluid volume to tissue volume is important in thes 


experiments. If the fluid volume is greatly reduced, for instance to 10 ce. for 1 gr 
tissue, the bathing fluid effeets reported below are much less striking. The temperatu 
was kept between 38 and 40°C. by a water bath. The pH of the bathing fluid was appros 
mately 8.5. The animals from which the tissue was taken were either anesthetized 
nembutal or killed by intravenous air injection or by a blow on the neck. The intestine 
preparations (usually ileum) were used on the day of their removal. Uterus preparations 


were used ecither fresh or after storage in the refrigerator for a day or two 


In the search for a satisfactory method of controlling auto-oxidation of epi 
nephrine in the bathing fluid, various substances were added to the Tyrode 
solution immediately before the addition of epinephrine. In table 1 are listed 
some substances which may variously be thought of as antioxidants or as metal 
binders which we have found to enhance the reactivity of the tissue to epineph 
rine. All these substances have the same effect (fig. 1). In the dosage used, 


Fig. 1. Effect of the presence of S-hydroxyquinoline (HQ) in the bathing fluid on the 
response to epinephrine (Adr.). Rabbit's intestine. 


none of them caused any pharmacodynamic reaction of the muscle preparation, 
but the reaction produced by epinephrine added to the Tyrode solution shortly 
after any of these substances was much more intense and much more prolonged 
than that produced by the same dose of epinephrine when these substances were 
absent. 

Attention is particularly directed toward those colloids —lens proteins, egg 
albumin, gelatin, gum arabie—-which when added to the Tyrode solution pro- 
duced the same effect as the antioxidants and metal binders. These colloids 
were thoroughly dialyzed against distilled water before use in these experiments 
and their effects constitute conclusive evidence that the phenomenon observed 
concerns reactions in the bathing fluid, not in the tissue. The protecting sub- 
stances must be added to the Tyrode solution at least a few seconds before the 
epinephrine. If added simultaneously with the epinephrine, even if mixed with 
the epinephrine before addition, their effect is small or absent. It follows that 
the primary reaction of these protecting agents is with some substance in the 


Tyrode solution (probably copper) not with epinephrine. Lens protein and egg 
albumin cause the Tyrode solution to foam badly and were, therefore, not used 
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in subsequent experiments. Gelatin, if allowed to stand for a long time in well 
aerated Tyrode solution, finally loses its protective value—possibly through 
oxidation of its sulfhydryl groups. In the experiments to be reported below, 
gelatin was added to the bathing fluid only shortly before epinephrine. Gum 
arabic, on the other hand, keeps its protective capacity for a long time and may 
be added in the stock Tyrode solution. 

Effects of cyanide. The effect of cyanide on the epinephrine response was first 
tested on the rabbit’s intestine. In order to distinguish between reactions of 
cyanide in the bathing fluid and genuine pharmacological effects, the cyanide 
experiments were performed both with and without the addition of gelatin or 
gum arabic to the bathing fluid. In general, the evanide was added one-half to 
one minute after the gelatin or gum arabic and the same interval before the 
epinephrine. If no gelatin or gum arabic is used, three different effects of cya- 
nide can be observed. In very low concentration*® (about 2.10 6 molar) cyanide 
abolishes or diminishes the effect of a small dose of epinephrine given subse- 


Fig. 2. Effect of medium concentrations of cyanide on the response to epinephrine in the 
presence of gum arabic in the bathing fluid. Intestine. 


quently. In somewhat higher concentration (about 10-> molar) cyanide enhances 
and prolongs the effect of epinephrine. In still higher concentrations (about 
6.10-> molar) cyanide abolishes the normal peristalsis of the tissues. The effect 
of the medium concentrations of cyanide resembles that of protective anti- 
oxidants or metal binders in the bathing fluid. That this is a correct interpreta- 
tion is shown by experiments with gelatin or gum arabie in the bathing fluid. 
With these protecting substances present, only two effects of cyanide can be 
distinguished. With low and medium doses of cyanide, the reaction to epineph- 
rine is diminished or inhibited (fig. 2). With high doses of cyanide, the muscle 
is paralyzed. 

The inhibition of the adrenergic response produced by cyanide is complete 
only for very small doses of epinephrine. _ If larger doses of epinephrine are used, 
the inhibition of cyanide is overcome. The inhibition may be competitive but 
quantitative relations could not be worked out since it was impossible to use large 


3 The concentration levels at which these effects were obtained varied considerably in 


different tissue preparations. 
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doses of cyanide to balance large doses of epinephrine on account of the resulting 
paralysis of the muscle. The antagonism between epinephrine and cyanide can 
be exhibited also if cyanide is added after the epinephrine, in which case the 
adrenergic response is rapidly terminated. 

Precisely similar results were obtained on the uterus preparation (fig. 3) except 
that, since the response of this organ to epinephrine consists in a contraction of 
the muscle, the suppression of the adrenergic response by small doses of evanide 
could not be immediately distinguished from a paralysis of the muscle produced 
by high doses of cyanide. This distinction could, however, be made by stimulat - 
ing the muscle either with pituitrin or with larger doses of epinephrine. 

Other substances which have a cyanide-like effect. In order to throw light on the 
mode of action of cyanide in inhibiting adrenergic reactions, we have sought for 
other substances which might have a similar effect. 

Several of the substances listed by Stotz, Harrer and King (13) and by Grau- 
bard (14) as copper binders were tested. A number of these gave excellent bath- 


Fig. 3. Effeet of medium concentrations of cyanide on the response to epinephrine in the 
presence of gum arabic in the bathing fluid. Uterus. 


ing fluid protection and are listed in table 1. The results with these substances 
xanthate, dithiocarbamate, hydroxy-quinoline—suggest that®the epinephrine 
destroying catalyst in the bathing fluid may be copper. Two substances among 
the “copper binders” showed effects similar to cyanide. These were thiourea and 
allyl thiourea in concentrations of about 10-* molar and 10~‘ to 10~* molar rsp. 
In the presence of gelatin or gum arabic these substances inhibit or diminish the 
adrenergic response both of the intestine and of the uterus. As in the case of 
cyanide, the inhibition could be overcome by larger doses of epinephrine. The 
toxic effects of larger doses of the thioureas were not investigated. In the 
absence of gelatin or gum arabic, threshold doses of the thioureas inhibited the 
adrenergic reaction. Larger doses yielded enhancement of the adrenergic reac- 
tion attributable to a bathing fluid effect. In this respect also these substances 
closely resemble cyanide. 

Discussion. The biochemical effects of cyanide have generally been classed 
as falling into three types of primary reactions: metal binding, ketone binding, 
reduction. Thiourea can bind heavy metals, but does not react readily with 
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ketones and is at best a feeble and sluggish reducing agent. Since the same effect 
was achieved by cyanide and by thiourea, the implication is strong that the effect 
was produced by the inactivation of a heavy metal catalyst. Since, in all prob- 
ability, thiourea does not strongly bind iron it can be suggested that the heavy 
metal concerned is probably not iron but may be copper. We can conclude, 
therefore, that the adrenergic reaction of the smooth muscles studied requires for 
its operation the presence in the tissue of a heavy metal component. These 
experiments, of course, do not imply that the reaction catalyzed by the heavy 
metal must be an oxidative one nor that epinephrine itself is the substrate oyi- 
dized, though neither of these suggestions is incompatible with the results of 
these experiments. 


TABLE 1 
Substances which enhance and prolong the epinephrine response of the rabbit's intestine 
CONCEN- CONCEN 


CRYSTALLOIDS 
TRATION TRATION 


Sodium diethyldithiocarbamate Dialysed lens proteins 
Potassium ethylxanthate 10°) Egg albumin 
8-Hydroxy-quinoline 10 Dialysed gelatine 
Sodium citrate .10-5 Dialysed gum arabic 
Ascorbic acid .10 
Glutathione .10- 
Tryptophane 3.107 
Tyrosin sat. 
Adrenalone (keto-compound to epinephrine*), 5.1077 
1(3-4-dihydroxyphenyl-) 2 aminopropanone 

(keto-compound to corbasil) * 1077 


* These two substances were kindly furnished us by the Winthrop Chemical Company. 


SUMMARY 


Under appropriate conditions cyanide, thiourea, and allyl thiourea can be 
shown to inhibit.or interrupt the adrenergic response of certain smooth muscle 


preparations. The anti-adrenergic effect occurs with concentrations of these 


substances which leave unchanged the capacity of the muscle to respond to non- 
adrenergic stimuli. These phenomena have been demonstrated both on the 
rabbit’s non-pregnant uterus in which the epinephrine normally excites contrac- 
tions, and on the rabbit’s small intestine in which epinephrine normally inhibits 
contractions. 

It is concluded that the adrenergic response in these organs requires for its 
operation the presence in the tissue of a heavy metal component, possibly copper. 
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In a recent monograph on the effect of anoxia on the body, Van Liere (1942) 
wrote of oxygen lack and the secretion of urine: ‘Since, however, anoxic anoxia 
at times may produce an oliguria, and at other times a polyuria, it is quite clear 
that more work is needed to establish clearly the mode of action of anoxia on the 
kidney.” 

Experiments reported by Van Liere and co-workers (1935) on barbitalized 
dogs breathing oxygen tensions from 5 to 12 per cent oxygen (equivalent to alti- 
tudes from 14,000 to 30,000 ft.) and by Toth (1937) on dogs anesthetized with 
dial and breathing oxygen tensions of approximately 8 per cent (equivalent to 
24,000-—25,000 ft.) agreed in that the majority of such animals responded to low 
oxygen tensions by oliguria; but occasional animals, in contrast, developed 
marked polyuria. Van Liere suggested that the oliguric threshold was ap- 
proximately 12 per cent oxygen (about 15,000 ft.), below which the urine output 
was decreased. 

The use of anesthetics undoubtedly influenced the above results, for in later 
experiments Toth (1940) reported that in unanesthetized dogs with bladder 
fistulae polyuria was the common response to low oxygen tension. Langley 
and Clarke (1942) maintained unanesthetized dogs in a low-pressure chamber 
at 20,000 feet altitude equivalent, and observed a polyuria on the first day which 
tapered off on the following days of the experiment. 

Species difference appears to be as important as anesthesics in producing 
discordant results, for Armstrong (1939) has shown that humans subjected for 
4 or 7 hours dailt to a simulated altitude of 12,000 feet (483 mm. Hg) in a low- 
pressure chamber developed a polyuria in which the urine output was increased 
from 100 to 300 per cent over normal. McFarland and Edwards (1937) had 
previously reported that men making transatlantic flights at altitudes of 8,000 to 
12,000 feet showed no urinary volume changes in the case of two observers, but 
a tendency toward polyuria in the airmen responsible for the handling of the ship. 
These conditions could not be considered controlled, however, and emotional 
and other influences undoubtedly were operative. 

Experiments performed in this laboratory over the past 3 years on unanes- 
thetized white rats in a low-pressure chamber have indicated that these animals 
respond to high altitudes in a manner corresponding to human beings rather than 
to dogs. Thus, while 3-hour exposure to 10,000 feet altitude equivalent pro- 


1 This investigation has been made with the assistance of grants from the Committee 
on Therapeutic Research, Council on Pharmacy and Chemistry, American Medical As- 
sociation, and from the Ella Sachs Plotz Foundation. 
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duced no change in their urine output, exposure to 15,000 feet invariably resulted 
in polyuria, which, moreover, did not decrease or disappear on repeated exposure 
(Silvette, 1942). 

Other experiments on renal function in unanesthetized white rats in low- 
pressure chambers will be reported below. The conditions of these experiments 
were chosen to simulate actual flight conditions as closely as possible. The 
metabolic period was 3 hours in every case, and experiments were designed to 
illustrate the effects of discontinuous (repeated daily) exposure rather than 
continuous exposure. Long or continued exposure to high altitudes without 
additional oxygen supply represents an entirely different problem from that 
investigated here. 

Our experiments may conveniently be divided into the following groups: 

1. Effect of various high altitudes on urinary cutput. 

2. Influence of temperature on urine and phenolsulphonphthalein excretion 
at high altitudes. 

3. Effect of anemic anoxia on urine output. 

4. Influence of preliminary water-load on urinary excretion at high altitudes. 

5. Effect of repeated daily exposure to high altitudes on urinary excretion and 
kidney weight. 

6. Effect of post-pituitary extract on the polyuria of high altitudes. 

AppaRATus. Two types of low-pressure chambers were constructed, both of 
which were fitted with automatic devices for maintaining both constant tem- 
perature and a constant low pressure. The first was designed to hold 12 in- 
dividual urine metabolism cages, but because of the reinforced wooden structure 
of this chamber only experiments up to 15,000 feet altitude equivalent (428 mm. 
Hg) were performed therein. For experiments from 15,000 feet to 30,000 feet 
altitude equivalent (up to 226 mm. Hg), four glass desiccators, each of 9 liters 
capacity, were enclosed in a miniature constant temperature room, and 3 animals 
placed in a divided cage in each low-pressure (desiccator) chamber. Urine was 
collected under paraffin oil, individually in the case of experiments up to 15,000 
feet, and pooled in four groups of 3 rats in experiments at higher altitude equiva- 
lents. A continuous measured supply of fresh air was permitted to pass through 
the low-pressure chambers, the rate of flow being at least ten times the calculated 
requirements of the 12 animals comprising each single experimental group. 

Resutts. 1. Effect of various high altitudes on urinary output. The average 
urinary output of 84 control white rats while in the low-pressure chamber but at 
room pressure and temperature was 0.4 ec. per 100 grams body weight per 3-hour 
metabolism period. The urine output at 10,000 feet altitude equivalent (523 
mm. Hg) was not significantly different from the control figure, but at 15,000 
feet altitude equivalent (428 mm. Hg) the average urine output rose to 1.0 cc. 
urine per 100 grams body weight during the metabolic period, an increase over 
the normal of 150 per cent. This polyuria was still more marked at an altitude 
equivalent of 25,000 feet (282 mm. Hg), for in 63 rats maintained at this pressure 
for 3 hours the average urine output was 1.6 cc. per 100 grams, or an increase of 
300 per cent over the control levels. 
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The high-altitude polyuria could apparently be modified to a certain extent by 
previous exposure to lower altitudes. Figure 1-A shows the average urine output 
of 12 rats at room pressure (0 feet, the relatively unimportant height of the 
laboratory above actual sea-level being disregarded), followed by their average 
urinary output at 15,000 feet for the next 3 days. Figure 1-B illustrates the 
effect of exposing a fresh group of 12 animals to 3 daily periods at 10,000 feet 
before their first exposure to 15,000 feet. The results indicate that preliminary 
exposure to the lower altitude so acclimated the animals that 15,000 feet ex- 
posure no longer induced a polyuria; it was now necessary to reduce the pressure 
to 20,000 feet altitude equivalent before the first evidence of diuresis was ob- 
served. Raising the altitude to 25,000 feet and then to 30,000 feet in this series 
increased still further the observed polyuria (fig. 1-B). 


GM. Bil i 10,000 | 15,000 | 20000} 25,000 


30,000 FT. 


i2 4 1 4 7 10 13 16 20 DAYS 


Fig. 1. Effect of 3-hour exposure to various high altitudes on urine excretion of white rats. 


2. Influence of temperature on urine and phenolsulphonphthalein excretion at 
high altitudes? Groups of 12 rats were injected intraperitoneally with 5 cc. per 
100 grams of a solution containing 0.2 per cent sodium chloride and 2 mgm. per 
cent phenolsulphonphthalein and then placed in individual metabolism cages 
in the low-pressure chamber at an altitude equivalent of 15,000 feet. The 
chamber was maintained at a constant temperature of 10°, 20°, 30° or 40°C., and 
at the end of a 3-hour metabolic period the urine was measured and the dye 
determined colorimetrically. Results are given in table 1 as averages + prob- 
able error of the average. It will be seen that, regardless of the temperature 
from 10° to 30°, the animals reacted to 15,000 feet equivalent altitude by poly- 
uria, which was further increased by cold but decreased by warmth. The dye 
excretion, however, was insignificantly affected, though it is questionable whe- 
ther a phenolsulphonphthalein excretion time as long as 3 hours has more than 
comparative value. When the temperature was raised to 40°, practically all 
of the animals died within the experimental period, and those still surviving at 


2 These results were abstracted in part in Silvette (1943a). 
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the end were anuric. This was probably due to the high temperature and not 
to the low pressure involved. 

To compare the effects of 15,000 and 25,000 feet altitudes, a series of 44 animals 
was injected as above and maintained for 3 hours at 25,000 feet. The average 
urine output at 25,000 feet was 3.7 + 0.17 ce. per 100 grams as compared with 
4.0 + 0.12 cc. at 15,000 feet (both at 20°C.). Whereas in uninjected animals the 
25,000 feet polyuria was much greater than the 15,000 feet diuresis (see section 
1 above), in animals carrying a water load of 5 cc. per 100 grams body weight the 
25,000 feet polyuria was less than that observed at 15,000 feet. 

3. Effect of anemic anoxia on urine output. Before investigating the further 
effects of anoxic anoxia (due to decreased barometric pressure) on urinary out- 
put, the comparable effects of anemic anoxia (due to the inhalation of carbon 


TABLE 1 


Effect of various temperatures on urine and phenolsulphonphthalein output of white rats 
at high altitudes 


TEMPERA- 0 FEET 15,000 FEET 
TURE OF 
CHAMBER 


NUMBER OF 
RATS 
Urine output P.S.P. excretion Urine output P.S.P. excretion 


%.. cc./100 gm./3hrs. per cent cc./100 gm./3 hrs. per cent 


| 


10 | 3.7+0.13 66 + 1.1 4.7+0.12 65 + 0.9 
+ 0.09 64+ 1.4 4.0 + 0.12 70 ce 


+ 0.08 55 + 1.0 3.7 + 0.14 61+ 1.0 
(dead) 


TABLE 2 


Effect of carbon monoxide on urine and phenolsulphonphthalein excretion of rats 


NUMBER OF URINE OUTPUT P.S.P. EXCRETION 
RATS EXPERIMENTAL CONDITIONS (AVERAGE + P.E.ay.) (AVERAGE + P.E.ay.) 


cc./100 gm. B.W./3 hrs. per cent 
| Normal control* 2.7 + 0.09 64+ 1.4 
| Exposed to carbon monoxide 2.2 + 0.08 56 + 0.07 


| (0.4%) for 60 minutes 


* See text. 
monoxide) were determined. The 500-liter chamber containing 12 rats in 
individual metabolism cages (previously injected with fluid and phenolsulphon- 
phthalein as in section 2 above) was sealed and partially evacuated, and the 
calculated amount of pure carbon monoxide gas was allowed to flow in to bring 
the CO-concentration of the enclosed air (now at room pressure) to 0.4 per cent. 
This concentration of gas was allowed to remain for 60 minutes before being 
replaced by fresh air. Four-tenths per cent carbon monoxide acting over one 
hour was sufficient to color the animals’ skin (ears) the typical cherry-red in most 
instances, but was not lethal in any case or even seriously toxic, as judged by 
their general condition. 

After a 3-hour metabolic period the urine was measured and the dye concen- 
tration determined colorimetrically. The results are given in table 2, compared 
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with control animals under similar conditions save for the absence of carbon 
monoxide. It will be observed that anemic anoxia brought about by carbon 
monoxide resulted in decreased urine and phenolsulphonphthalein output in 
contrast to the polyuria with normal or even increased dye excretion induced 
by anoxic anoxia due to exposure to low barometric pressure. 

When the carbon monoxide concentration was further increased to 0.8 per cent 
there were many deaths, but in the still-living animals the oliguria was even 
more pronounced than in the case of rats exposed to 0.4 per cent concentration 
of the gas. 

4. Influence of preliminary water-load on urinary excretion at high altitudes. 
Further experiments were designed to test the effect of various water-loads on 
urine output. As shown in table 3, the greater the water-load between 0 and 10 
cc. per 100 grams body weight, the greater the absolute excretion of urine but 
the less the relative increase in urinary output of the animals maintained at 
15,000 feet over their control (0 ft.) levels. 

5. Effect of repeated daily exposure to high altitudes on urinary excretion and 
kidney weight Fresh male rats maintained on a stock diet of Purina dog chow 


TABLE 3 
Effect of varying water-load on excretion of urine at 15,000 feet altitude equivalent 


AVERAGE URINE | INCREASE IN URINE 


AVERAGE URINE OUTPUT AT OUTPUT AT 15,000 FEET 


NUMBER OF RATS WATER LOAD “ aa 
OUTPUT AT 0 FEET 15,000 FEET 


| OVER 0 FEET LEVEL 


cc. 0.2 % NaCi/100 cc./100 gm. cc./100 gm. | 
gm. BW. B.W./3 hrs. B.W./3 hrs. per cent 


36 0.4 1.0 
36 | 2.7 4.0 
36 | 3.9 5.0 


and liberal amounts of greens, with water allowed ad libitum, were used. In 
groups of 12 they were weighed and placed in metabolism cages in the low- 
pressure chamber which was then evacuated to 15,000 feet altitude equivalent 
for a period of 3 hours. During this time the temperature was not controlled 
and generally varied from 23° to 28°. At the end of the 3-hour metabolic period 
air was admitted, the animals removed and their urine volume read and re- 
corded. Three groups of animals were exposed to this simulated altitude for 3 
hours daily for 17, 27 and 27 days respectively, and the average urine output of 
the first two groups is shown graphically in figure 2. The third group was 
sacrificed at the end of 27 days for histological examination and for the determina- 
tion of organ weights. At the same time a control group of rats, maintained for 
the same period of time on the same diet and under similar environmental condi- 
tions, except for non-exposure to high altitudes, was sacrificed for control ob- 
servations. 

Out of the total of 36 animals given 3-hour daily exposures to an altitude 


3A preliminary report of the results at 15,000 feet equivalent altitude was given in 
Silvette (1942). 
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equivalent to 15,000 feet, only one died (on the 20th day). The remainder of 
the animals gained weight normally and appeared to be in perfect health through- 
out the course of the experiment. 

The polyuria previously observed on single exposure of animals to 15,000 feet 
altitude was maintained throughout the long-term experiments at a generally 
high level. An initial marked diuresis observed in one group was not sustained 
(fig. 2-B), which may perhaps be taken as evidence of acclimatization; but at no 
time in the experiment did the urine output for the 15,000 feet metabolic period 
fall to that observed at room pressure. The other two groups did not show even 
this slight evidence of acclimatization, though in all three series the polyuric 


! 5 10 iS 20 25 30 DAYS 


Fig. 2. Effect of daily 3-hour exposure to 15,000 feet altitude equivalent on urinary out- 
put of white rats. 


response was cyclic, which may have been due to outside meteorological ecndi- 
tions prevailing throughout the course of the experiment. 

When the animals were tested at room pressure following the determination 
of the period of 15,000 feet exposure, the urine output was observed to approxi- 
mate that of normal animals never exposed to low pressures. 

Two groups of 12 rats were similarly exposed for 3 hours daily to an altitude 
equivalent of 25,000 feet for 27 days each; the average urine output is shown 
graphically in figure 3. At the end of this time one of the groups was sacrificed 
for histological study and organ weights, together with a control group which 
had not been exposed to high altitudes. The remaining group was then followed 
for 8 days at room pressure and then re-exposed to 25,000 feet altitude for 3 hours 
daily for an additional 9 days (fig. 3-B). 

There were no deaths in the first group of 12 animals exposed intermittently 
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for 27 days to 25,000 feet, and in the other group one animal died on the 8th day 
and one was sacrificed on the 27th day of the experiment. In contrast to animals 
exposed to 15,000 feet, which gained weight normally throughout the experiment, 
the 25,000 feet rats actually lost weight during the first few days of the experi- 
ment and only then began a slow moderate increase in body weight. This is 
demonstrated in table 4, which gives the average daily weight and average 
respiratory rate of the series described graphically in figure 3-A. The respiratory 
rate showed some evidence of adaptation and then acclimatization to the daily 
exposure to high altitude. 


FT. 


5 10 15 20 25 wD 35 40 45 63 
DAYS 


Fig. 3. Effect of daily 3-hour exposure to 25,000 feet altitude equivalent on urine output 
of white rats. 


The polyuria observed in rats exposed daily to 25,000 feet altitude was even 
more pronounced than that recorded at 15,000 feet (fig. 3 and table 4). There 
was no evidence of acclimatization insofar as urinary output was concerned. 
In one group, indeed, the polyuria seemed to increase with time (fig. 3-A). An- 
other significant difference between the two altitude effects was observable when 
the 25,000 feet group was tested at room pressure following the intermittent 
exposure to this altitude equivalent for 27 days. Immediately after long dis- 
continuous exposure to 25,000 feet the average urinary output at room pressure 
was more than twice the urine excretion before the start of the experiment. 
Only after several days of recovery did the urine output return once more to the 
control level (fig. 3-B). This indicated that dysfunction in the case of the 
25,000 feet group was more severe than that noted at 15,000 feet, a conclusion 
to which the two levels of polyuria lend contributory evidence. 
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Following the termination of the experiment as graphically outlined in figure 
3-B, the animals were allowed to recover at room pressure under standard dietary 
conditions, and one month later were sacrificed for histological examination. 


TABLE 4 
Respiratory rate and urine output of 12 white rats exposed to 25,000 feet equivalent altitude for 
3 hours daily 


ALTITUDE BRODY WEIGHT URINE OUTPUT RESPIRATORY RATE* 
EQUIVALENT (AVERAGE) AVERAGE AVERAGE 


cc. /100 gm. 


Jeet grams B.W./3 hr resp./min 


192 
190 
187 
186 
185 
186 
185 
187 
184 
188 
189 
187 
192 
192 
192 
193 
193 
196 
199 
198 
200 
202 
203 
204 
201 
203 
203 
201 


Sr St Gr Or Gr Gr Gr Gr Gr Or or 


201 &3 
211 0.8 82 


* Respiratory rates taken 3 hr. after start of each experiment, at midpoint ofexp., and 
4 hr. before end, and the 3 readings averaged to obtain resp. rate of each rat;thus each 
figure above represents average of 36 readings. 


The relative weights of the kidneys in (A) normal control animals, (B) in 
animals exposed for 3 hours daily for 27 days to 15,000 feet altitude, (C) those of 
animals similarly exposed to 25,000 feet, and (D) finally those of animals exposed 
to 25,000 feet and allowed to recover at room pressure for one month, are given 
in table 3. It will be noted that the 15,000 feet exposure led to a slight degree 


1 0 0.4 78 
2 25,000 0.6 

3 25,000 0.7 

4 25,000 0.6 

5 25 ,000 1.0 79 
6 25,000 1.1 89 
7 25,000 0.9 90 
25 ,000 109 
9 25 ,000 6 102 
10 25,000 .6 104 
11 25,000 103 
12 25,000 105 
13 , 000 106 
14 ,000 Ss 101 
15 9 100 
16 , 000 6 Os 
17 , 000 5 96 
18 , 000 a 96 
19 , 000 102 
20 , 000 6 
21 ,000 94 
22 ,000 93 
23 , 000 0 Q7 
24 ,000 1 9S 
25 ,000 ‘3 101 
26 , 000 8 QS 
27 25 ,000 G7 
28 25 ,000 9S 
30 0 
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of relative hypertrophy and the 25,000 feet exposure to a still more marked 
degree, but that recovery was followed by a fall of relative kidney weight below 
that of the initial normal controls. 

Histologically, the kidneys of rats exposed for 3 hours daily to 15,000 feet 
altitude for 27 days appeared quite normal except for generalized hyperemia, 
but signs of beginning renal damage were observed after similar exposure to 
25,000 feet. In the latter animals there was also renal hyperemia, and in 
addition, in several instances, necrosis of some peripheral tubules in the cortex. 
Pathological changes in the tubules, but accompanied by ischemia in place of 
hyperemia, were even more evident in the kidneys of animals allowed to recover 
at room pressure for one month following a similar period of 25,000 feet exposure 
(Kindred, 1943). The red cell count of the 15,000 feet exposure animals was 
essentially normal, but in those exposed to 25,000 feet for 27 days the erythrocyte 
count rose from a normal control level of 8,700,000 per cu. mm. to 11,700,000 
per cu. mm. 


TABLE 5 
Effect of exposure to high altitudes on kidney weight 


e | 
EXPOSURE TO 15,000| EXPOSURE TO 25,000} RECOVERY PERIOD, 


FEET FOR 3 HRS. FEET FOR 3 HRS. | 1 MONTH AFTER EX- 


| NORMAL CONTROLS 
DAILY, 27 DAYS DAILY, 27 DAYS | POSURE TO 25,000 FEET 


(0 Fr.) 
Weight Weight Weight Weight 


Body Body 
weight weight 


Body 


weight | kidneys 


100 gm. 


ody 

kidneys/, kidneys/ 

100 gm. | Weight | “109 gm. 
BW. BW. 


kidneys/ 
100 gm. 
BW. 


mgm. gm. mgm. gm. mgm. 
1050 250 1,270 320 825 
Minimum.... rere 225 850 160 249 680 
Average.... b 945 205 ; 294 
NG. 15 11 11 12 8 

6. Effect of post-pituitary extract on the polyuria of high altitudes. Experiments 
were performed to determine whether the polyuria observed at 15,000 feet could 
be reversed by the administration of post-pituitary extract. In one series of 
fully-fed animals injected with 5 cc. 0.2 per cent sodium chloride solution per 
100 grams body weight, the 3-hour urine excretion at room pressure averaged 2.1 
cc. per 100 grams. Animals similarly injected but exposed for 3 hours to 15,000 
feet excreted on the average 5.0 cc. urine per 100 grams. Other animals, simi- 
larly treated but with the addition of post-pituitary extract (1.5 U.S.P. units 
per 100 grams B.W.) before exposure to 15,000 feet, averaged only 1.9 cc. urine 
in the 3-hour period, thus indicating that the polyuria of high altitudes was 
inhibited by the antidiuretic hormone. 

Further animals were treated as follows with weekly rest periods between ex- 
periments: After a preliminary fasting period of 12 hours during which the ani- 
mals were allowed water ad libitum, they were injected with 10 cc. per 100 grams 
0.2 per cent sodium chloride solution with or without pituitary extract, and 3 


4 These results have been given in abstract by Silvette (1943b). 
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hours later exposed in metabolism cages either to room pressure or to 15,000 
feet altitude equivalent for a period of 3 hours. Results are given in table 6. 
In these experiments too the injection of post-pituitary extract reversed the 
high-altitude polyuria. Furthermore, the water retention brought about by 
equal doses of post-pituitary extract either at 0 or 15,000 feet was almost the 
same, i.e., 3.2 cc. at room pressure and 3.3 cc. at 15,000 feet. This would seem 
to indicate that the renal tubules were as sensitive to the antidiuretic hormone 
at low barometric as at room pressure. 

Discussion. Exposure to sufficiently high altitudes for 3-hour periods in- 
variably led to polyuria in the white rat. At 10,000 feet altitude urinary excre- 
tion remained unaffected, as it did at 15,000 feet if the animals were first ac- 
climated by preliminary exposure to 10,000 feet. But fresh animals exposed 
to 15,000, 20,000, 25,000, or 30,000 feet showed a marked diuresis which increased 
as the barometric pressure was lowered. In view of the reported results of other 
workers (Van Liere et al., 1935; Toth, 1937) that dogs subjected to low oxygen 
tensions developed oliguria, it was at first thought that if the barometric pressure 
were sufficiently lowered, rats also would respond by reduced urinary excretion. 


TABLE 6 
Effect of post-pituitary extract on high-altitude polyuria* 


POST-PITUITARY EXTRACT AVERAGE 3-HOUR URINE AVERAGE 3-HOUR URINE 


NUMB RATS 
IN JECTED OUTPUT AT 0 FEET OUTPUT AT 15,000 FEET 


units/100 gm. B.W. cc./100 gm. B.W. cc./100 gm. 
36 0 3.9 5.0 
36 1 0.7 1.7 


* For details, see text. 


However, rats exposed even to 30,000 feet altitude equivalent for 3 hours and 
dying of the exposure continued to exhibit the characteristic polyuria almost to 
the point of death. In other words, only moribund animals showed oliguria at 
high altitudes. 

The polyuric effect of anoxic anoxia is entirely different from the effect on urine 
output observed in other types of anoxia. In anemic anoxia, due to carbon 
monoxide poisoning, the urinary output was reduced 18.5 per cent and the 
phenolsulphonphthalein excretion was reduced 12.5 per cent below the control 
levels, whereas anoxia due to low barometric pressure caused respective increases 
over the normal of 48 and 9.4 per cent. The stagnant type of anoxia, resulting 
from hemorrhage or circulatory failure, also leads to oliguria, as clinical experi- 
ence demonstrates; and so does histotoxic anoxia brought about by cyanide 
poisoning (Beck, Kempton and Richards, 1938). Thus, of the four types of 
anoxia in Barcroft’s classification, only anoxic anoxia leads to polyuria. 

The water loss by way of the kidneys was so severe (1.0 to 1.6 ce. per 100 
grams body weight in 3 hrs., exposure to 15,000-25,000 ft.) that it could not be 
expected that prolonged exposure to high altitudes would bring about an even 
greater diuresis. Indeed, the contrary is paradoxically true, for Collings et al. 
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(1943) report that young rats exposed for 12 to 24 hours to 380 mm. Hg (18,000 
ft.) had urine volumes which were essentially identical with the controls. It is 
likely that the initial polyuria of the first few hours, which has been the invari- 
able reaction shown by our animals, was compensated for ‘by a subsequent 
oliguria, so that the urine volume over the 12-24 hour period was apparently 
normal. The results of certain of our own experiments lend credence to this 
belief: 36 rats were primed with 10 per cent of their body weight of fluid and 2.5 
hours later were placed in metabolism cages for 9 hours. Urine output for the 
first 3 hours (experimental period) averaged 3.9 cc. per 100 grams body weight; 
for the second 3 hours (first recovery period), 1.1 ec.; and for the third 3 hours 
(second recovery period), 0.9 cc. Later, the same rats were similarly treated, 
except that they were exposed to an equivalent altitude of 15,000 feet during 
the 3-hour experimental period. The average urine output per 100 grams body 
weight during this experimental period was 5.0 cc. while at 15,000 feet, then 0.5 
ec. during the first and 0.6 cc. during the second recovery periods. Thus it will 
be seen that, while the animals really showed the characteristic high-altitude 
polyuria when the two experiments were compared in detail, on the basis of the 
total 9-hour urinary excretion the controls excreted 5.9 cc. urine and the high- 
altitude rats only 6.1 cc., essentially identical figures. 

The significance of the experiments on repeated exposure to high altitudes 
lies in three facts: that the polyuria was maintained for the duration of the 
experiments essentially unchanged; that following the termination of the period 
of exposure the urinary excretion returned to normal levels immediately or at 
the longest after a few days; but at the same time there was histological evidence 
of limited renal damage. 

The increase in kidney weight relative to body weight after long discontinuous 
exposure to high altitudes was apparently not due to hypertrophy of any one 
part of the kidney at the expense of the other parts. The renal cortex and 
medulla retained their normal proportions to one another, and the tubules and 
glomeruli their normal diameters (Kindred, 1943). 

While these differences in kidney weight reported herein are statistically highly 
significant, it must be conceded that the high-altitude hypertrophy and suc- 
ceeding atrophy of recovery can be mathematically explained on the basis of 
loss or gain in body weight. However, from other considerations (such as the 
relation of kidney to body weight in normally-growing animals (Donaldson, 
1924) and detailed histological studies in progress by Kindred (1943)), it is be- 
lieved that the kidney weight changes observed bear a truly valid relationship 
to the functional changes (in urinary output) reported, though this relationship 
cannot be elucidated at the present time. 

Other investigators have reported that long exposure to low barometric pres- 
sures led to a decrease in relative kidney weight. Sundstroem and Michaels 
(1942) noted a consistent decrease in the weights of kidneys of rats exposed 
continuously to pressures of 460 mm. (13,000 ft.), 360 mm. (19,000 ft.), 300 mm. 
(23,500 ft.) and 260 mm. Hg (27,000 ft.). Tornetta et al. (1943) reported that 
male rats exposed to pressures of 250 to 280 mm. Hg (25,000-28,000 ft.) for 6 
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hours daily for 14 to 18 days showed significant decreases in kidney weights. 
Eighteen to 20 hours’ exposure for 3 to 12 days led to even greater kidney weight 
loss. 

These experiments differed from those reported herein in that the daily ex- 
posure to high altitudes was much longer, or even continuous, whereas the num- 
ber of days was usually less. Since the technique of measuring relative weights 
of such organs as the kidneys cannot be questioned, the discordant results ob- 
tained by the various workers must be a function of the different experimental 
conditions set up. 

The reason for the high-altitude polyuria, like the explanation of the gain or 
loss in relative kidney weight, is still not clear. The relative glomerular hy- 
peremia may be active, i.e., due to afferent arteriolar dilatation; passive, i.e., 
due to efferent arteriolar constriction; or secondary to polycythemia, though the 
latter was found only at 25,000 and not at 15,000 feet. This hyperemia may well 
have increased glomerular filtration somewhat, but the increase in urine excre- 
tion of 300 per cent over the normal at 25,000 feet was too great to be explained 
except by decreased tubular reabsorption as well. That there actually was 
tubular damage sufficient to bring about such decreased tubular reabsorption of 
fluid may he inferred from the histological evidence presented by Kindred 
(1943) and summarized in section 5 above. 


SUMMARY 


Exposure to sufficiently low barometric pressures for 3-hour periods invariably 
led to polyuria in the white rat. After exposure to 15,000 feet altitude equiva- 
lent the urine output was increased 150 per cent and after 25,000 feet exposure 
300 per cent over the control (0 ft.) levels. 

The high altitude polyuria was further increased by cold (10°C.), but de- 
creased by heat (30°C.). 

Phenolsulphonphthalein excretion was not significantly affected during ex- 
posure to 15,000 feet altitude equivalent. 

In contrast to the polyuria with normal phenolsulphonphthalein excretion 
observed at high altitudes, anemic anoxia due to carbon monoxide poisoning 
resulted in decreased urine and dye excretion. 

The greater the water-load, the greater was the absolute excretion of urine 
at 15,000 feet, but the less the relative increase in urinary output over the con- 
trol (0 ft.) levels. 

Repeated 3-hour daily exposures of white rats to simulated altitudes of 15,000 
or 25,000 feet had no significant effect on their polyuric response, which was well 
sustained throughout the 27-day experiments. At the end of this time, when 
tested at 0 feet once more, the urinary excretion was normal or returned to normal 
within a few days. Relative kidney weights of these animals indicated a slight 
degree of renal hypertrophy after the period of 15,000 feet exposure, a more 
marked degree of hypertrophy after 25,000 feet exposure, but an apparent 
atrophy after a one-month recovery period at room pressure. The histological 
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picture of the kidneys of animals after long intermittent exposures to 15,000 
feet was normal, except for marked hyperemia, but at 25,000 feet beginning 
slight pathological changes occurred. 

The polyuria of high altitudes may be inhibited or reversed by the injection 
of post-pituitary extract. 
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Silvette (1) in a recent paper reported a greater output of urine in rats subjected 
for three hours daily for 27 days to low barometric pressure (428.8 mm. Hg, 
equivalent to altitude of 15,000 ft.) than in the same rats and in control groups 
maintained at room pressure. Since this publication, Silvette has carried his 
experiments further and has subjected rats to lower barometric pressure (equiva- 
lent to 25,000 ft. altitude) for the same periods of time. He reports a further 
increase in urine output as compared with the rats at room pressure (fig. 1) and 
at pressure equivalent to 15,000 ft. altitude (2). Silvette observed that accom- 
panying the increased urine output there was a relative increase in the weight 
of the kidneys per 100 grams of body weight. Since no histologic studies have 
appeared concerning the kidneys of animals so treated, the animals were turned 
over to me following these experiments with the request that the kidneys be 
examined for morphologic changes which could be related to the functional 
changes and the changes in weight of the kidneys which were reported. The 
important physiologic change to which the experimental rats have been subjected 
is anoxia. 

Mareriats. Three groups of living rats, all males, of Wistar strain, but not 
litter mates, were turned over to me for study immediately after the experiments. 
Group I, controls, 15 rats, average weight 250 grams (range, 210-300 grams); 
group II, 11 rats which had been exposed to barometric pressure equivalent to 
15,000 ft. altitude for 3 hours daily for 27 days, average weight 236 grams 
(range, 230-275 grams); group III, 12 rats which had been exposed to barometric 
pressure equivalent to 25,000 ft. for 3 hours daily for 27 days, average weight 205 
grams (range, 160-250 grams). These rats were killed with ether. Blood counts 
were made from the femoral artery just before death. Following death the 
kidneys and certain other organs were removed and weighed to the nearest 
centigram. 

The kidneys were either split in the sagittal axis or transverse to the long axis 
and fixed in either Helly’s fluid or in 10 per cent formalin. The usual paraffin 
technic of embedding and sectioning was followed. Sections were cut at 7 
microns and stained either with hematoxylin and eosin or with Kornhauser’s 
quadruple stain (3). The latter is an excellent stain, because the red blood 
corpuscles, tubules and connective tissues are sharply differentiated from each 
other. 

In addition to this material, eight male rats, average weight 294 grams (range, 
249-320 grams), which had been exposed 3 hours daily for 27 days to 282 mm. 
Hg pressure (equivalent to 25,000 ft. altitude) following which they had been 
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kept at room pressure for one month, were killed by Doctor Silvette and the 
kidneys were removed, weighed and fixed in 10 per cent formalin and given to me. 
The histologic technic described above was applied to these kidneys. These 
will be designated as rats of group IV, and the others as groups I, IT and ITI, 
respectively, in the following description. 

Observations. The average weights of the kidneys per 100 grams of body 
weight with their standard errors were as follows: Goup I (controls); 875 + 15 
mgm. Group II (15,000 ft.); 945 + 19 mgm. Group IIT (25,000 ft.); 1070 + 
36 mgm. Group IV (one month after 25,000 ft.); 770 + 17 mgm. 

The data on the weights of the kidneys of the rats of groups I and II have 
been used by Silvette (1) in support of his view that increased urine output is 
accompanied by relative increase in weight of the kidney; and those of groups 
III and IV in a paper in press (2). Statistical contrasts showed that all weights 


URINE OUTPUT BLOOD CORPUSCLES | KIDNEY WEIGHT 
IN GLOMERULI =| MGM/ 


Fig. 1. Graph showing correlation between average urine output per 100 grams of body 
weight; average kidney weight per 100 grams body weight; and average per cent of red 
blood corpuscles per glomerulus of kidneys of rats maintained at barometric pressures 
corresponding to different altitudes. I, 0 ft., (controls); II, 15,000 ft.; III, 25,000 ft.; IV, 
0 ft., one month after exposure to 25,000 ft. Data on urine output from Silvette (2). 


are significantly different from each other and that weight increases as the baro- 
metric pressure decreases. The kidneys of the rats of group IV showed a very 
great decrease in relative weight when contrasted with the kidneys of groups IT 
and III, and a significant but relatively lower weight than the kidneys of the 
rats of group I. 

Examination of the sections of the kidneys revealed certain qualitative and 
quantitative morphologic changes which are thought to be relevant to the 
changes in the weights of the kidneys and to the functional polyuria observed 
in the experimental groups. Low magnification studies were made of sections 
of the kidneys of groups I and II in which the proportions of areas of cortex 
and medulla in a segment from approximately the same region of the kidneys 
were compared. No differences were observed in the relative amounts of cortex 
and medulla in the two groups. Counts of the glomeruli per unit volume and 
measurements of the sizes of the glomeruli were also made on the kidneys of these 


loo} GM. 
I 
PER 
CENT 
60 m 
GM. RAT a 
40 900 I 
20) BOO 
Vv 
e 00 


EFFECT OF LOW BAROMETRIC PRESSURE ON RENAL STRUCTURE 38U 


two groups of rats using higher magnification and no differences were found. 
The average diameters of the tubules were found to be the same in both groups. 
Since the method of making these measurements is rather time consuming and 
since the results were negative, the measurements were not done on the rats of 
groups III and IV. 

During these examinations of the kidney with the higher magnification (1200 
diameters) it was observed that while it was quite difficult to see the intertubular 
capillaries in the cortex of the control kidneys (Bensley, 4, has recorded the same 
conclusion from study of rabbit kidneys), these capillaries were quite easily 
visible by reason of their distention with red blood corpuscles in the kidneys oi 
the rats of groups II and III. In these kidneys the ‘‘vascular rays” of Bensley 
(4), the terminations of the efferent arteriolae rectae of the glomeruli, stood out 
more sharply and seemed to contain more blood than similar channels in the 
kidneys of the controls. Since these arteriolae rectae are directly connected 
with the glomerular capillary network these regions were next examined. Casual 
observation suggested that there was hyperemia and distention of the capillaries 
in the glomeruli of the kidneys of groups II and III when these were contrasted 
with those of groups I and IV. Such observations led to the application of a 
quantitative method for measurement of these conditions. The paper weight 
method which Jackson (5) used in estimating the comparative proportions of the 
stroma and parenchyma of the adrenal glands was applied. The outline of a 
median vertical section of a glomerulus was drawn with camera lucida on paper. 
Within the glomerulus the areas occupied by red blood corpuscles within the 
glomerular capillaries were outlined. Then the outlined glomerulus was cut out 
and weighed to the nearest centigram, following which the areas outlining the 
blood corpuscles were cut out and weighed. The percentage of red blood 
corpuscle volume per glomerulus was estimated from these weights. In order 
to see if this were a representative sample of the volume of the red blood cor- 
puscles in the whole glomerulus, the average percentage of red blood corpuscle 
weight measured in serial sections of 10 glomeruli was compared with the average 
value obtained in only the midvertical sections of these glomeruli. The average 
weight of the red blood corpuscles for the whole glomeruli was 23 + 1.9 per cent 
of the glomerular weight, and for the midvertical sections, 23 + 1.7 per cent. 
From this contrast it was felt that the measurements of the midvertical sections 
gave an accurate measurement of the total weight of the red blood corpuscles in 
the glomeruli. 

The results of these measurements are summarized in table 1, in which the 
percentages of red blood corpuscle weight in the glomeruli are tabulated by 
percentage classes in the different’ groups of rats. Examination of table 1 
shows that in group I (controls) the modal classes are those in which the red 
blood corpuscles occupy between 21 and 40 per cent of the glomerulus; in group 
II (15,000 ft.) the modal classes extend from 31 to 50 per cent; in group III 
(25,000 ft.) from 51 to 70 per cent; and in group IV (one month after 25,000 ft.) 
from 11 to 30 per cent. This table shows that by the method used there is 
evidence of an increase in the amount of red blood corpuscles in the glomeruli 
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with decrease in barometric pressure and that when the rats are removed from 
this environment and kept at room pressure for one month there is a sharp drop 
in the amount of blood present. 

Further statistical analysis in which the means of the blood corpuscle per- 
centages with their standard errors of the several groups were contrasted shows 
the following results: Group I, average blood corpuscle percentage 28 + 0.65 
per cent. Group II, average blood corpuscle percentage 45 + 1.3 per cent. 
Group III, average blood corpuscle percentage 56 + 0.81 per cent. Group IV, 
average blood corpuscle percentage 23 + 0.93 per cent. 

Difference between groups I and IT, 17 + 1.48 per cent; ¢ 11.5. Difference 
between groups IT and III, 9 + 1.5 per cent; ¢ 6.0. Difference between groups I 
and IV, 5 + 1.12 per cent; ¢ 4.45. 


TABLE 1 


Distribution by classes of percentage of red blood corpuscles in the glomeruli of kidneys of 
control rats and of rats exposed to low barometric pressures 
I, controls; IT, 15,000 ft.; III, 25,000 ft.; IV, one month after 25,000 ft. The percentages 
of the red blood corpuscles were measured in midvertical sections of ten glomeruli from 
each kidney; number of kidneys: I, 10 from 10 rats; II, 9 from 9 rats; III, 11 from 11 rats; 
IV,8 from 8 rats. Total number of rats, 38; total number of kidneys, 38; total number of 
glomeruli, 380. 


GROUP 
PER CENT 


1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
71-80 


Since the ¢ ratio in all these contrasts is larger than 2.5, the differences are 
considered to be greater than could occur by chance and hence are statistically 
significant (6). These data establish the fact that changes in the environmental 
barometric pressure produce measureable effects on the amount of red blood 
corpuscles in the glomerular capillaries. 

Such changes in the amount of blood corpuscles could very well account for 
part of the increased diuresis which accompanies the exposure if the results are 
interpreted according to the suggestion by Drinker and Yoffey (7) which is as 
follows: “It is conceded that capillaries in most places in the body experience 
change in diameter and that these changes constitute an important regulatory 
feature of many physiologic reactions such for example as muscle work, forma- 
tion of urine, ete.” In this particular group of experiments the capillaries in 
the glomeruli of the kidneys of the experimental rats are distended with red blood 
corpuscles and such distention could accordingly lead to increased glomerular 
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capillary pressure and increased capillary permeability, an interpretation which 
is suggested by the conclusion of Landis (8) that permeability of the endothelium 
of the capillary is not determined by the capillary diameter, but by capillary 
pressure. 

It has been suggested by Richards and Schmidt (9) that the blood flowing 
through the glomerular capillaries is controlled by an efferent constrictor mecha- 
nism and it has been shown by Bensley (4) in the rabbit and guinea-pig kidneys 
that there are cells (pericytes) arranged in circular fashion around the efferent 
arterioles which conceivably could perform this function. Hence the sections 
of the hyperemic kidneys were examined to see if the hyperemia of the glomeruli 
could have been produced by contraction of such cells. Serial sections of 
glomeruli were examined and the efferent arterioles were found to be widely 
dilated and directly continuous with the enlarged intertubular capillaries. Hence 
the dilatation of the capillaries in the glomeruli can only be viewed as one effect 
of a relaxation of the whole renal vascular system. For not only were the inter- 
tubular capillaries enlarged, but the archiform veins were also more distended 
than were those in the kidneys of the control rats. Hyperemia, then is character- 
istic of the whole kidney and since it is present in rats which have been exposed to 
anoxic conditions it may logically be concluded that the hyperemia is the result 
of the anoxia, but whether it has been brought about by local tissue response or 
through a central mechanism cannot be decided by the evidence presented here. 
Furthermore, it seems logical that the polyuria characteristic of these rats is 
partly the result of increased glomerular pressure and greater capillary perme- 
ability, although as Silvette (2) has suggested, the observed polyuria was too 
great to have been the result of increased glomerular pressure alone. The 
correlation bgtween the output of urine and the percentage of red blood corpuscles 
in the glomeruli is shown in figure 1. No statistical analysis was made of this 
correlation, hence it can only be suggestive. 

Another view which might be taken is that the rats have been so affected by 
the anoxic conditions that there has been an increase in the number of red blood 
corpuscles per cubic millimeter and that the hyperemia observed in the glomer- 
uli is the result of anoxic polycythemia. An analysis of this possibility showed 
that neither in group I (controls, ave. rbes. per cu.mm., 8.65 millions) nor in the 
rats of group II (15,000 ft., ave. rbes. per cu.mm., 7.7 millions) is there any corre- 
lation between glomerular hyperemia and the rbe. count. In the rats of group 
III (25,000 ft., ave. rbes. per cu.mm., 11.7 millions) there is a suggestive positive 
correlation, but it is not considered statistically significant. Therefore, it is 
concluded that such polycythemia as may occur in the rats of group III is not 
sufficient to account for the renal hyperemia observed. 

As has been stated in the introduction, Silvette (1) observed that increase 
in relative weight of the kidneys was accompanied by increased output of urine. 
The question might now be asked whether there is any correlation between 
hyperemia and the weight of the kidneys. Statistical analysis of this question, 
using the kidney weight per 100 grams of body weight and the percentages of 
red blood corpuscles in the glomeruli as the contrasting values, has shown that 
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for the whole population, pooling the weights of the kidneys of rats in all groups, 
the moment of correlation as derived using the methods of Fisher (6) is 0.655. 
Such a value implies that the correlation is significant of an association which is 
better than could occur by chance. This correlation is shown in figure 1. Since 
the glomerular hyperemia is one part of the total renal hyperemia which is 
characteristic of the kidneys of the experimental rats it is possible to conclude, 
using the established correlation as an indicator only, that the observed increase 
in kidney weight in rats exposed to low barometric pressures could be accounted 
for by the additional blood present. 

In addition to the changes which can be called normal, it was observed that 
in the kidneys of the rats of group II (15,000 ft.) the histology of the kidney was 
unchanged except for the hyperemia. In the kidneys of the rats of group III 
(25,000 ft.) damage appears to begin. As in the rats of group II, the predominant 
picture is one of hyperemia of the glomeruli, intertubular capillaries and veins. 
However, in some of the kidneys there were small areas of necrosis of tubules 
in the cortex and one kidney showed a small area of tubule and glomerular 
shrinkage. In kidneys of six of these rats there were small areas of lymphocyte 
infiltration, but since similar areas were found in some of the kidneys of the con- 
trol group, this condition is not considered to be significant. In one kidney of 
one rat there was an accumulation of neutrophilic granulocytes in the hilar fat 
subjacent to the renal sinus mucosa. 

In the kidneys of the rats of group IV, the necrosis observed in some of the 
kidneys of rats of group III was present in kidneys of five of the eight rats studied. 
There was shrinkage and flattening of the glomeruli and peripheral tubules in 
some parts of the cortex in the kidneys of all of these rats. The kidneys were 
extremely ischemic and no blood was seen in the intertubular gapillaries or 
in the vascular rays. As has been pointed out above the glomeruli were notably 
deficient in blood content. Caleareous deposits were present in the tubules of 
the cortex of one kidney. In four of the eight kidneys, neutrophilic granulocytes 
were massed in the hilar fat subjacent to the renal sinus mucosa. There was 
fibrosis in the region of the vascular rays in one kidney. On the whole, the 
kidneys of this group showed distinct pathologic changes when contrasted with 
the kidneys of the other groups. 

From these observations on kidney damage it may be concluded that the 
kidneys of rats can stand the anoxia when subjected to it, but the degree of 
anoxia (concomitant with lowered barometric pressure) produces a latent condi- 
tion of parenchymatous damage which appears to become extensive after the 
rats have been removed from the anoxic condition for some time. More study 
should be given to this effect as the possibility of permanent kidney damage 
resulting from chronic exposure to anoxic conditions whether in industry or in 
aviation has not been realized. 


SUMMARY 


The kidneys of rats which had shown polyuria while exposed to low barometric 
pressure daily for 3 hours for 27 days (1, 2), show relative increase in weight, 
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hyperemia and a slight degree of parenchymatous damage. There is a positive 
correlation between hyperemia and the increase in weight of the kidneys. It is 
suggested that diuresis is related in part to increased permeability of the glo- 
merular capillaries because of the increased glomerular pressure assumed to 
accompany capillary distention. The direct effect of anoxia (which accompanies 
the low barometric pressures) on the kidney vasa is suggested as the cause 
underlying hyperemia. 

The kidneys of rats which have been returned to room pressure for a month 
following the exposure to low barometric pressure show extensive parenchymatous 
damage, calcification, shrinkage of the stroma, and ischemia. 
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An increase in the difference of potential between a vaginal and a suprapubic 
(surface) electrode at the time of ovulation was first noted by Burr, Hill and Allen 
(1) in the rabbit. This finding was confirmed by Reboul, Friedgood and Davis 
(2, 3). In the rat similar electric changes at the time of estrus were observed 
by Rogers. (4-6). Employing surface electrodes on abdominal and flank areas 
respectively, Altmann (7, 8) reported marked voltage gradients in the hen 
at the time of ovulation, and in the sow simultaneously with external signs of 
estrus. 

In the human female, Burr et al. (9, 10), using an abdominovaginal circuit, 
described the same phenomenon during ovulation time in one case as did Rock, 
Reboul and Wiggers (11) also in one patient. In 1938, Rock, Reboul and Snod- 
grass (12) repeated these experiments on nine other women during the theoretical 
ovulation period (based on catamenial history). In some of these experiments, 
however, a pair of surface electrodes, applied at various levels between the 
umbilicus and the symphysis pubis was used, alone, or in conjunction with a 
second surface pair, or with an abdominovaginal circuit. 

When the pertinent data of all ten cases of Rock and his associates (11, 12) 
were analyzed, a number of inconsistencies were noted in the results obtained. 
In the first place, regardless of the type of set-up: whether abdominovaginal 
electrodes or surface electrodes were used, or whether both types of circuit 
were employed simultaneously, the potential change was noted in some cases 
even before ovulation had occurred. Therefore a statement was made in the 
original report (12) that the change was only associated in some way with ovu- 
lation. 

In the second place, there were wide and inexplicable variations in the magni- 
tude, duration and polarity of the electric changes. 

Furthermore, unaccountably erratic results were obtained when surface 
electrodes were employed simultaneously with an abdominovaginal circuit. In 
one case, definite changes were recorded in the surface circuit in the absence 
of any change in the abdominovaginal system. 

If these ‘‘ovulation potentials” are all due to electric activity in the ovary 
associated with the process of ovulation (3), it is difficult to see how the potential 
changes can increase in magnitude as the electrodes are moved further away 
from the ovary. In one patient tested, the change in potential between a pair 


1 Aided by grants from the American Academy of Arts and Sciences, the William F. 
Milton Fund of Harvard University, the Committee for Research in Problems of Sex, 
National Research Council, and Mr. Richard C. Paine. 
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of surface electrodes placed low in the pelvis was approximately three times as 
great in magnitude as that between the abdominovaginal pair. Moreover, 
in all but one case, the highest values obtained were those recorded from surface 
electrodes. 

An increase in magnitude of the difference in potential as the electrodes 
were moved away from the ovary was also noted by Reboul, Davis and Friedgood 
(3). In addition, Rogers’ (6) finding of a similar change in difference of potential 
on the last day of estrogen-induced estrus in the spayed rat further increased 
our skepticism as to the relation between the so-called “‘abdominovaginal sign” 
and ovulation. It seemed evident that some hitherto unknown factor must be 
concerned in the production of these widely variable results. 

In order to ascertain the nature of this factor, it was deemed essential, first of 
all, to determine whether one could locate a point on the surface which would 
be stable in potential and could thus serve as the site for a reference electrode. 
With this purpose in mind, the abdominal region and thighs of six human sub- 
jects were mapped in terms of electric potential. 


I. SKIN POTENTIALS IN RELATION TO THE ‘‘ABDOMINOVAGINAL SIGN’’ OF OVULATION. 
Surface Potentials: Isopotential Contour Patterns. Method. The reference electrode con- 
sisted of a large Ag-AgCl plate about 45sq.cm.inarea. This was firmly fastened just above 
the left knee by means of a loose elastic binder. A layer of cotton soaked in physiologic 
saline solution was placed between the chlorided silver sheet and the skin. The exploring 
electrode, also of Ag-AgCl, had an effective contact area of about 16 sq. mm.; here, too, a 
small piece of cotton moistened with physiologic salt solution made the actual contact with 
the skin. 

The difference in potential between the electrodes was measured by means of a null 
method. The effective input resistance to the measuring circuit was 2 meg. ohms. The 
null point was usually quite sharp, and currents less than 5 K 107'° amp. flowed in the elec- 
tric circuit. The unbalanced potential was shunted by a vibrating contact at the grid of 
the first tube of a high-gain audio frequency amplifier. The output of the amplifier operated 
a pair of sensitive head-phones. Fairly accurate potential determinations could be made 
in 3 to 5 seconds. 


Results. On each individual studied, 75 to 100 determinations of potential 
were made. When the potentials were sufficiently stable, it was possible to 
construct a clearly defined series of isopotential contours, as shown in figure 1. 
No demonstrable effect of sex on isopotential contours was noted. 

In general, a focus of potential may be found on the thighs in the region where 
the femoral artery and vein are most superficial. Potential foci may be ob- 
served also at almost any point on the abdomen and do not seem to have any 
demonstrable connection with underlying organs.2 As a rule, there are rela- 
tively few or no potential foci in the suprapubic area. 


2On one individual a very interesting observation was made which tends to indicate 
further the cutaneous nature of these potentials. In plotting the isopotential contours of 
any subject, the potential value of a particular area was written on the skin by means of a 
stub-pointed fountain pen, since the latter required less pressure than the usual skin pencil 
and caused little or no disturbance in the potentials. One subject happened to exhibit 
marked dermographia, and it was strikingly clear that the more positive the potential of the 
area, the higher were the wheals produced by the pen-point. 
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On certain individuals, potential foci and isopotential contours were very 
stable and the same pattern was obtained at intervals as great as two weeks. 
Other individuals had such unstable potentials that even a small abdominal area 
could not be plotted. In general, persons tending toward the “‘sthenic”’ type 
seemed to be unsuitable as subjects for isopotential contour plotting. 

In three subjects, measurements were made during the estimated ovulation 
time wlsile they were awaiting operation. If ovulation is accompanied by a 
fairly large electric potential change in the ovary, such a shift in voltage might 
reasonably be expected to appear in the isopotential contour pattern. Yet even 


Fig. 1. Isopotential contours measured on a male subject. Potentials plotted in milli- 
volts. For measuring purposes a large reference electrode was placed just above the knee. 
Potentials plotted with respect to arbitrary value of zero for potential focus in left femoral 
region. The voltage range shown is from +22 mv. to —5 mv. Note the steep potential 
gradient near the lower left boundary of the epigastric region. The potential ranges from 
—5 to +17 mv. within an actual distance of 4 cm. 


in the presence of electric instability, no clear potential foci were found which 
could be related to the underlying ovaries. As far as could be determined, 
the reason for the instability of the electric potential was due entirely to the 
emotional uneasiness of the subjects. 

Direct Measurements of the Ovary. Still further to check the ovary as a 
possible source of potential, direct electric measurements were made on human 
ovaries in situ of three women during the course of routine laparotomy. In 
each case the operation was performed within the patient’s estimated ovulation 
time. 
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Method. The same leads and measuring equipment as described above were used, except 
that for the present experiments we devised a special unipolar exploring electrode of Ag- 
AgCl agar which could be autoclaved. This was made by plugging an 8-inch length of #- 
inch glass tubing at one end with a loose roll of filter paper about finch long. The tube was 
filled with a hot agar-saline solution, and a 4-inch length of no. 20 B. & 8. gauge chlorided 
silver wire was pushed down into the agar. The silver wire was soft-soldered to a fine 
multi-stranded copper wire which, in turn, was pulled through an 8-foot length of }-inch 
pure gum tubing (;'s-inch bore). The lead was fastened to the top of the electrode tube by 
means of rubber bands. The electrode and its lead wire were inserted in a 10-inch glass 
cylinder. The latter was plugged with gauze in the usual manner, and the assembly placed 
in the autoclave in an upright position. For convenience, the potential determinations 
were referred to the broad ligament as zero. 


Results. In general, no potentials greater than +1 mv. were found between 
any two organs in the abdominal cavity. Several follicular surfaces (including 
that of one fairly large, presumably mature follicle*), as well as the intervening 
ovarian cortex, were tested, but no significant electric potential was detected. 
The highest potential recorded, slightly less than +2 mv., was obtained from 
a locus on the Rectus abdominis muscle. 

II. FacroRS INFLUENCING “FINGER-TO-FINGER POTENTIALS.’’* Several in- 
vestigators have recorded an increase in the difference of potential between the 
index fingers of women at various times during the menstrual cycle, and have 
concluded that such a change indicated ovulation (14-19). Barton (17) deduced 
from her data that follicular rupture might take place at any time, even during 
the menses, and sometimes twice in the same cycle, while Altmann (19) reported 
that ovulation might occur between the 5th and 23rd days. 

Since the establishment of a clearly defined criterion of ovulation time would 
be most important, both from a theoretical and from a clinical viewpoint, we 
undertook in 1939 similar experiments on 30 nurses (group 1) and 23 female 
employees (group 2) of the Free Hospital for Women. In addition to women 
whose cycle lengths were within normal limits, the subjects included also one 
surgical castrate, one woman in natural menopause, one pregnant individual, 
and two women who, on the basis of their clinical history, doubtless had anovula- 
tory cycles (20). 


With the exception of Sundays, measurements were made daily before lunch on all sub- 
jects during the months of April and May. In addition, one of the two groups of subjects 
was also studied during the last week of March. 

It should be noted that, in order to rule out any factors which might unconsciously 
influence the experimenter, the latter knew nothing about the menstrual dates or clinical 
history of the subjects. At the beginning of the experimental period, the women were all 
given printed calendar cards on which to record their catamenial dates and any other perti- 
nent information. The cards were collected by the investigator only at the conclusion of 
the experimental period. 


3 At present we know of no reliable way to determine by gross examination alone whether 
a large follicle is normal or atretic. 

4A preliminary report of this work was presented before the American Physiological 
Society, New Orleans, 1940 (13). 
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Method. The potential determinations were made with the null-measuring 
system described above.’ 


Experience with meter-indicating types of vacuum tube voltmeters shows that it is 
frequently almost impossible to determine whether or not a particular meter reading is a 
true indication of the real potential. Occasionally the readings have been found to be in 
error by several hundred per cent. This may be due to several causes, the most important 
of which is the difficulty of shielding the subject completely from stray 60-cycle electric 
fields. Radio frequency fields may be particularly troublesome, as some element in the 
external circuit, or the vacuum tube itself, may rectify the high frequency and produce 
defiections of the meter. This is especially true in hospitals where diathermy machines are 
employed. The particular type of null measuring equipment used to obtain the data pre- 
sented in this paper possessed the advantage of giving an immediate acoustic clue as to the 
probable source of spurious potentials, and hence proper precautions could be taken in order 
to obtain a correct determination of voltage. The measuring equipment was also free from 
the erratic and disturbing influences of electrostatic charges, however generated. 

The fingers were immersed in beakers of saline solution, in the manner described by Burr 
and Musselman (14). However, unlike investigations of other workers, where measure- 
ments were confined to the index fingers, determinations in the present experiments were 
made between each pair of fingers, excluding the thumb; that is, pairs of index fingers, 
middle fingers, etc., were tested separately. The potential readings from the four pairs of 
determinations were averaged for each subject, and this individual mean was used in calcu- 
lating the average for each of the two large groups (group 1, nurses; and group 2, employees). 


Finger Potentials in Relation to the Presence or Absence of Normal Menstrual 
Cycles. The upper plot of figure 2 depicts the day to day changes in potential 
between each pair of fingers of a subject (case 66) with normal menstrual 
cycles. There is no evidence of any cyclic variation with reference to the onset 
of catamenia, nor do these data demonstrate any unique property possessed 
by the index fingers (no. 2). In general, our findings confirm the statement 
of Parmenter (16) that there is “no consistent unidirectional polarity of the right 
index finger.” 

The lower plot of figure 2 represents the finger potentials of a normal meno- 
pausal individual (case 87). There is no significant difference between this 
graph and the upper one. Furthermore, the presence of minor excursions in 
the plot from the menopausal subject serves to indicate that similar fluctuations 
recorded for no. 66 are not pertinent to menstruation. 

Likewise, data from one pregnant subject, one surgical castrate, and two 
women who doubtless had anovulatory cycles, did not differ from records of 
those with normal menstrual cycles. 

No significant differences in the finger potential curves of a cyclic nature were 
observed between individuals. Some subjects tended to show a greater day to 
day variation than others, but this remained a constant factor. As in the case 
of the isopotential contour determinations reported above, the individuals 
who exhibited the greater day to day variations of potential were those of 
the ‘‘sthenic”’ type. 


5 In the experiments on finger potentials reported by others (14, 15, 17, 18), the Burr- 
Lane-Nims vacuum tube voltmeter was used (21). Parmenter (16) also employed a meter- 
indicating type of vacuum tube voltmeter. 
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From a consideration of these individual curves, we have been completely 
unable to confirm the observations of other workers who have reported a signifi- 
cant rise of potential between the index fingers associated with ovulation. 
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Fig. 2. Upper plot. Daily finger potentials, plotted in millivolts, of a normal, healthy 
female (no. 66). The left finger of the pair being measured was arbitrarily used as the 
reference finger. The potentials are plotted for each pair of fingers except the thumbs ( # 1 
fingers). It was not practical to use the thumbs due to the prevalence of cuts, bruises, etc. 
The solid black circles on the time axis indicate when the potential measured was considered 
invalid due to skin damage, such as cuts and hangnails. The solid black triangles represent 
the beginning of the menses. It is quite apparent that the index fingers (# 2) are not 
unique in so far as potential changes are concerned. 

Lower plot. Daily finger potentials of a normal menopausal subject (no. 87). Data 
obtained concurrently, with the same equipment and in the same way as those shown in the 
upper graph. The solid black circles here also represent potentials as measured, but con- 
sidered invalid due to skin damage. There is no significant difference between the two 
plots shown in this figure. The greater number of invalid potentials recorded in the lower 
graph is probably due to the fact that subject 87 performed considerably more manual work 
than subject 66. The hands and fingers of the former were injured very frequently. 
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Magnitude and Polarity of Potential Changes. When great care was taken 
to check spurious finger potential measurements, no voltage reading higher 
than 12 mv. was found to be valid. Moreover, only three or four out of ap- 
proximately 14,000 determinations showed this high figure. Usually 7 mv. 
represented the maximum value. 


All potentials higher than 12 mv., and many lower than this, were found to be spurious 
because of cuts, pin-pricks, hangnails, bruises, etc. It must be strongly emphasized that 
it is practically impossible to detect visually—even with the aid of a magnifying lens—all 
types of skin damage. We found ethyl alcohol (95 per cent) to be more dependable as a 
means of detecting abrasions, for even a slight one will cause a stinging sensation upon 
immersion of the fingers in this fluid. 


The average finger potential of the combined groups of nurses and employees 
was +1.7 mv. Since the left hand was used as the reference side, this means 
that the fingers of the right hand averaged 1.7 mv. positive with respect to the 


TABLE 1 
Average monthly finger potentials of female subjects in relation to ‘‘handedness”’ 


SUBJECT | APRIL MAY | | SUBJECT | APRIL MAY 


NUMBER | AVERAGE | AVERAGE | | NUMBER AVERAGE AVERAGE 


mv. | | mv. mv. 
Left-handed 67* | —1.20 | —0.68 | Right-handed! 51 +2. +1.40 
78t | —0.31 | —0.29 | | 54 | +8. 
| 80 | —4.16 | | 60 +4. 


102 | —0.81 | —0.57 | 


* Although normally right-handed, this subject was doing filing work which necessi- 
tated pulling and pushing heavy file drawers with her left hand. She was therefore in- 
cluded in both groups. 

+ This subject, whose finger potential was very near zero, was a nurse who assisted in the 
operating-room and was notably ambidextrous. 


fingers of the left hand, a finding in reasonable agreement with the figure of 2.25 
mv. published by Barton (17) for index fingers, and of the same polarity. 

Relation of Polarity and ‘‘Handedness.’’ However, four left-handed subjects 
in the group all avereged negative instead of positive; that is, the right hand 
was negative to the left one. The finding of a polarity which seems to be re- 
lated to the “handedness’”’ of the individual parallels in electric terms the temper- 
ature observations of Heiser and Cohen (22) who reported that in four out of 
five right-handed subjects tested by them, the right wrist was warmer than 
the left one, while in a left-handed person, the converse was true. In attempt- 
ing to account for this difference, these authors suggested that it might be due 
to the ‘relative dominance of the limbs.”’ 

Table 1 shows the difference in polarity of finger potentials between three 
left-handed and five right-handed individuals. Subject 67 appeared at 


6 One of us (J. M.S.) had the opportunity of examining more extensive data of Heiser 
and Cohen which confirmed these findings but were not included in the original report cited. 


| | +3.89 
| | 67 —1.20 | —0.68 
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first to be an exception; that is, although right-handed, she steadily maintained 
a negative charge. The apparent discrepancy here was later explained by the 
fact that this woman’s duties were largely concerned with pulling and pushing 
heavy file drawers with the left hand. She is therefore included in both groups. 

It is impossible for us to explain the constancy of opposite polarity in finger 
potentials related to handedness if the electric quality of the finger-tips is 
assumed to be referable to the ovaries. 
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Fig.3. Uppercurves. Daily average finger potentials of the nurses and female employees 
plotted as separate groups. Bands for each group indicate limits of probable potential 
averages. Potential changes within the bands are not statistically significant, and the 
curves are in reality indeterminate within the zone. The similarity of the band changes 
indicates some factor common to both groups which modifies the magnitude of the finger 
potentials. The sign of the finger potentials obtained from the left-handed subjects listed 
in table 1 has been changed to a positive value in plotting these curves. 

Lower curves. Total combined average daily finger potentials of nurses and employees 
plotted against the relative humidity. The finger potential curves are subject to the same 
restrictions as outlined for the upper curves of this figure. Since there are now more obser- 
vations for each day, the band width is appreciably less. 


The Possible Réle of Environmental Factors in Voltage Changes. When the 
mean daily finger potentials of all individuals within each of the two groups 
(group 1, nurses; and group 2, employees) were averaged, and the average of 
each group was plotted separately, the similarity of the two graphs during 
some weeks is quite evident (fig. 3, upper curves). The two bands plotted for 
each group show the maximum and minimum probable variations in potential 
for a given day. The average potential falls between the two bands, and even 
though it may be calculated and assigned a mathematical quantity, it is in 
reality statistically indeterminate within the bands. 
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Considering these limitations, we find that the potential change of both 
groups from day to day was in the same direction 86 per cent of the time. Such 
a relation indicates some common environmental influence acting on both 
groups. In order to check this hypothesis, several environmental factors were 
considered: namely, temperature, barometric pressure and relative humidity. 
Daily measurements taken from the noon observations of the Boston Weather 
Bureau were utilized. They showed the following percentages of changes in the 
same direction as the combined group potential averages: 

Temperature 52 per cent 
Barometric pressure. . . 55 per cent 
Relative humidity. . 66 per cent 


These percentages are not large, and in view of the fact that the various 
subjects worked in different parts of the hospital, the only factor listed which 
possessed any high order of similarity between groups was the barometric pres- 
sure. Obviously neither the outdoor temperature nor any particular indoor 
temperature would constitute a common factor. Changes in the external 
relative humidity are usually reflected in the indoor relative humidity, although 
not necessarily in a one-to-one ratio. The changes in finger temperature with 
variations in relative humidity are complicated by the fact that the direction of 
the temperature shifts due to relative humidity fluctuations may change phase 
depending upon the particular environmental temperature (23). The correla- 
tion of average potential values with changes in relative humidity is seen in the 
lower plot of figure 3. 

The high degree of similarity in direction of potential shifts in the two groups 
of women studied simultaneously pointed to a common environmental influence 
as a factor underlying the observed fluctuations. Furthermore, the observation 
that the more active, and possibly, warmer, hand appeared to show a positive 
polarity with respect to the less active one, suggested the investigation of tem- 
perature as a factor in finger-to-finger potentials. 

III. THE THERMAL FACTOR IN ‘‘FINGER-TO-FINGER POTENTIALS.” An experi- 
ment was therefore devised whereby the electric potential difference between 
corresponding fingers of opposite hands (or fingers of the same hand) could be 
measured while the temperature of the saline solution that served as electrode 
for one finger was varied slowly (about 1°C. per min.) between the limits of 
12° and 46°C." 

Procedure. Two one-liter pyrex beakers were filled with physiologic saline solution. The 
fluid in one beaker was at room temperature, and in the other at some temperature below 
10°C. Each beaker was connected by a salt bridge to a Ag-AgCl electrode system in saline 
solution at room temperature. The Ag-AgCl electrodes in turn were connected to a special 
Leeds & Northrup Multi-point Micromax Recorder (L. & N. Catalog no. 40356-S-4). This 
recorder was converted so that a continuous tracing of the potential was made. It was 
designed to operate over a very wide range of input resistances. Satisfactory records could 


be obtained from circuits which varied from zero to 250,000 ohms. The chart paper was 
moved at a uniform rate by means of a synchronous motor-drive system. 


7 It may be well to point out that finger temperature is not necessarily the same as the 
environmental temperature, but may easily differ by 10°C. from the latter (23, 24). 
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The beaker containing the cold salt solution was placed on a 500-watt electric heater. 
Electric energy was supplied to the heater to increase the temperature of the saline solution 
at a uniform rate of 1°C. per minute. Since the amount of heat needed changed constantly 
throughout the experiment, automatic control was required. This was provided by a Leeds 
& Northrup Model N control instrument. The controller was activated by means of a 
resistance thermometer placed in the cold salt solution. The controller contacts were 
capable of carrying the electric heater current without auxiliary relays. The controller 
was designed to regulate temperature over a range of 0° to 50°C. In order to raise the tem- 
perature of the solution at the rate of 1°C. per minute, a General Electric Telechron motor 
drive was coupled rigidly to the shaft of the control point-setting dial of the L. & N.con- 
troller. The synchronous Telechron motor then turned this dial at a rate which increased 
the temperature of the saline solution 1°C. per minute. The actual error due to thermal 
lags, etc., was not more than +0.1°C. at any instant. In practice, the temperature of the 
cold beaker was initially less than 10°C. This was necessary so that the controller might 
have time to overcome the large thermal lag of the cold heating system. With this precau- 
tion in starting, the rate of temperature increase was constant slightly before 12°C. 

When the temperature of the saline solution reached 11°C., the subject dipped the index 
finger® of the left hand in the beaker of saline solution at room temperature, and the third, 
fourth and fifth fingers of the same hand, in the cold salt solution. The electrode circuit 
was in contact with the recorder between 12° and 46°C. 

The recordings in the present investigation differ from those obtained in the daily finger- 
to-finger measurements reported above. In the experiments described here, the beaker of 
solution to be heated was used as the reference electrode. ‘This was done merely for the sake 
of convenience, so that the curves, as recorded, read correctly from left to right, and the 
potential is represented on the chart as increasing in an upward direction. 

The fluid in both beakers was automatically stirred vigorously throughout the experi- 
ment. Since the chart speed was constant, and the rate of temperature increase was like- 
wise a constant, the resulting curve was automatically traced in the proper rectilinear 
coordinate system. 


Curves Relating Thermal to Potential Changes.® Using this procedure, over 200 
thermal potential difference (T. P. D.) curves have been recorded. Approxi- 
mately 100 of these, obtained from daily measurements on the same subject 
throughout four normal menstrual cycles, show homogeneity within a given 
cycle, although the character of the curves may change from cycle to cycle. 
The recordings during the first and fourth cycles appear quite similar. Occasion- 
ally the repetition of detail in a curve from day to day is striking. Daily record- 
ings usually show the changes to be progressive, but they may at times be 
abrupt. Figure 4 illustrates several different types of curves that may be 
obtained. 

The magnitude of potential change with temperature averages approximately 
1 mv. per degree Centigrade. However, considerable departure from this aver- 
age may be observed. 

When the temperature was kept relatively constant, as is illustrated in curve 
A of figure 5, the potential after an interval of 5 minutes maintained a fairly 
uniform level. The slight slope of the potential curve after the first 5 minutes 


8 The reason for using the index finger was simply for convenience; any other finger gives 
the same results. 

® The thermal potential difference data have been independently checked at Loomis 
Laboratory by Dr. Hallowell Davis of the Department of Physiology, Harvard Medical 
School (25). 
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was doubtless due to the fact that one of the beakers of saline solution unavoid- 
ably warmed up from 24.1° to 25°C. Curve B was obtained immediately after 
curve A and shows the finger potential change over the range of 12° to 46°C. 
It is interesting that when the temperature reached 24.4°C., the voltage recorded 
on curve B was equal to that on the isothermal curve A at the same temperature. 

It should be noted that position did not affect the T. P. D. curves; that is, 
the results were the same, whether the subject was sitting up or resting horizon- 


tally ona comfortable bed. A cut on the finger invariably reduced the magnitude — 


> 


Fig. 4. Thermal potential difference curves illustrating the variety of these. These have 
been plotted from data recorded by the Leeds & Northrup Micromax instrument before the 
temperature axis was made uniform. Other T. P. D. curves mentioned in the text, but not 
shown for lack of space, were plotted automatically on a linear temperature axis by the 
method described. 

Curves A, B, and C, from the young woman who was studied for four normal cycles, were 
taken at intervals of several days. 

Curve D was obtained from a young pregnant woman who gave this same type of curve 
repeatedly. 

Curve £, recorded from an anovulatory female, represents the general type most fre- 
quently obtained from such women and from male subjects. 

Curves D and E should not be regarded as characteristic of the individuals. They are 
merely those most frequently encountered in the subjects mentioned. Exceptions have 
been recorded, and as yet there are not enough data to warrant specific conclusions. 


of the potential change and at the same time usually caused a large shift in the 
base-line. The cut also tended to “short circuit’? the normal T., P. D. effect. 
Thermal Potential Curves During Narcosis. In order to rule out any possible 
effect on the subject of extraneous stimuli which might influence the nature of 
the potential changes observed, a curve was recorded 1} hours after the admin- 
istration of 3 grains of pentobarbital. The subject was completely asleep and 
entirely unaware of the experiment in progress. There was relatively little 
difference between this curve and one obtained with the subject wide awake. 
Likewise, a recording made while she was under deep ether anesthesia did not 
differ essentially from curves obtained while she was awake. Therefore, what- 
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ever the origin of these potentials, it is evident that they are not greatly modified 
by narcosis or anesthesia. 

Reversibility of Thermal Potential Changes. In an effort to ascertain whether 
or not the mechanism giving rise to these potential differences constitutes 
reversible process, the usual curve was recorded as the temperature rose to 46°¢ 
but when that point was reached, the temperature was lowered at the same rate 
(1°C. per minute) to 12°C. The reversible nature of the thermal potential 
changes, clearly demonstrated in the right-hand curves of figure 5, is particularls 
interesting from the standpoint of thermodynamics. 


Fig. 5. haliad curves. Curve A shows the potential obtained under approximately 
isothermal conditions. Potentials are in millivolts. The potential changes comparatively 
rapidly during the first 5 minutes and then changes very slowly. 

Curve B, taken immediately after curve A, was recorded in the usual way with the tem 
perature increasing 1°C. per minute from 12° to 46°C. Note that the potential at 24.4°¢ 
is the same in both curves. 

Right-hand curves. Thermal potential difference curves showing reversibility of process 
by heating and cooling. The saline solution was warmed at the rate of 1°C. per minute up 
to 46°C. and then cooled at the rate of 1°C. per minute to 12°C. The arrows indicate the 
direction of the potential change. The difference between the curves below 23°C. may or 
may not be significant. Some individuals show a fair degree of similarity between the two 
curves and others do not, asin this case. Curves plotted from data obtained by the L. & N 
Micromax Recorder. 


The Sympathetic System and Thermal Potential Changes. It is reasonable to 
suppose that the general shape of the T. P. D. curves, in regard to both gross 
and minor features, may be due to nervous control of the vascular system. 
To check this possibility, curves were recorded from a control and from a sym- 
pathectomized rabbit, measurements being made between the ears of each 
animal.!° 


10 Dr. Philip M. LeCompte and Dr. Hallowell Davis of the Department of Physiology, 
Harvard Medical School, kindly assisted in the rabbit experiments. Doctor LeCompte 
carefully sympathectomized the rabbits several days preceding the experiment. 
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Sympathectomy, performed about six days prior to the experiment, consisted of removal 
of the superior cervical ganglion and section of the right dorsal and ventral auricular nerves 
at the base of the ear. The rabbit to be tested, narcotized by an intraperitoneal injection 
of pentobarbital, was fastened on its back on an animal board, with the head placed so that 
the ears hung down over the end of the board and into the beakers containing the saline 
solution. The right ear was immersed to a depth of approximately 7 cm. in the beaker to 
be heated, and the left ear was similarly dipped in the solution maintained at room tem- 
perature. 


The change of potential recorded in these curves was about 0.5 mv. per degree 
Centigrade. The shape of the curve is clearly unaffected by any function of the 
sympathetic nervous system. This experiment was repeated on the same con- 
trol rabbit and on a second sympathectomized animal with practically identical 
results. 

The curves obtained from rabbits seem to possess no features which might dis- 
tinguish them from curves of human subjects. 

IV. THE ROLE OF TEMPERATURE IN ABDOMINOVAGINAL POTENTIALS. In view 
of the evident influence of temperature on finger-to-finger potentials, it was of 
interest to ascertain whether or not the same general relations would hold true 
in abdominovaginal voltage determinations. 

Isothermal Contour Patterns. Since the reference electrode employed in meas- 
urements of the so-called ‘‘tabdominovaginal sign” of ovulation had been applied 
on the suprapubic skin region (1-3, 6, 9-12), it seemed necessary, first of all, to 
check the degree of temperature variations over skin surfaces. This was accord- 
ingly performed over the abdomen and thighs of a human subject. The results 
are conveniently represented by isothermal contours (fig. 6). 


Procedure. The temperature was measured by means of a small thermocouple of no. 42 
B. & S. gauge copper and constantan wire. The exploring thermal junction was mounted 
on the surface of a piece of cork 2 mm. square, which in turn was fastened to a small glass 
tube. The exploring junction had a very small thermal capacity and reached equilibrium 
with the skin in a fraction of a second. 

The reference junction was immersed in a water bath at approximately room temperature 
inside a vacuum Thermos flask. This gave sufficient stability to the temperature of the 
reference junction, stnce there was at most a differential of one or two degrees between 
the reference junction water bath and room temperature. 

The thermocouple system was calibrated, each time it was used, by placing the exploring 
junction in a water bath containing a standard mercury thermometer graduated in steps of 
0.02°C. The water bath was then warmed over the range of skin temperature previously 
measured, A Leeds & Northrup (Catalog no. 2500-C) Type R galvanometer was used as a 
null-indicating instrument.!' Even with the relatively long natural period of 5 seconds, it 
was easy to obtain sufficiently accurate temperature determinations in 3 to 4 seconds. The 
short time is made possible by anticipating the deflections of the galvanometer and rapidly 
manipulating the potentiometer to keep the deflection at the zero point. 


Results. The isothermal contour patterns (fig. 6) closely resemble the iso- 
potential curves, as recorded in figure 1, and show clearly how the temperature 


1 This was not the proper galvanometer for the purpose, but was the best available at 
the time. 
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varies over the particular surface areas investigated. By checking the contour 
lines it is readily seen that points only 4 or 5 cm. apart may differ in temperature 
as much as 2° to 3°C. As regards stability, the isothermal and isopotential 
patterns are similar. 

Benedict, Miles and Johnson (26) have published temperature curves obtained 
by moving a thermocouple down the nipple line of a human subject. Similar 
curves may be derived from figure 6 by plotting the temperature values along a 
straight edge placed parallel to the nipple line. 


ISOTHERMS 


Fig. 6. Isothermal contours measured on a female subject. The isothermal contours 
exhibit the same type of ‘‘highs’’ and ‘‘lows’’ as do the isopotential patterns; ef. figure 1. 
The temperature range of the isotherms shown in figure 6 is from a “‘low’’ of 28.4° toa “‘high”’ 
of 34.4°C., a difference of 6.0°C. 


Thermal and Potential Abdominovaginal Gradients. Figure 7 is a traced com- 
posite of a portion of the electric and thermal record obtained simultaneously 
when a vaginal and a suprapubic electrode containing thermocouples were em- 
ployed. Such an experiment is interesting in view of the report of Burr and Bar- 
ton (27) in so far as it furnishes data on the variation of another parameter: 
namely, temperature, which is known to fluctuate during sleep. 
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Procedure. The electrodes were agar blocks made with physiologic saline solution, agar 
and Arlex.!2. The electrode proper consisted of a chlorided silver plate immersed in the agar 
mass before the latter solidified. Small iron-constantan thermocouples inserted in thin- 
walled glass capillary tubes were also embedded in the agar mass. The thermocouples were 
connected so that each agar block electrode contained two thermal junctions toincrease the 
temperature sensitivity. 


The output of the thermocouples was connected to a Leeds & Northrup Micro- 
max Recorder. The potential leads were connected to another Leeds & Northrup 
Recorder. The L. & N. Recorders had the same paper speeds and each was oper- 
ated by a synchronous motor. 

Results. Unfortunately the agar electrode mass has a relatively large thermal 
capacity, as well as poor heat conductivity. The temperature record is there- 
fore greatly smoothed and will tend to lag considerably in time. However, 
even in spite of these difficulties, it is reasonably clear from figure 7 that the 
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Fig. 7. Composite of simultaneous recordings of vaginal-suprapubic potential and tem- 
perature differences. These were automatically traced on two separate Leeds & Northrup 
Micromax Recorders. Each record was traced and the composite carefully put together to 
insure simultaneity. There is quite an appreciable thermal lag, as recorded, due to the 
poor heat conductivity of the agar mass, as well as its relatively large heat capacity. The 
temperature record may be seen to follow the base-line of a greatly smoothed electric record. 


mean changes in temperature follow the potential changes. Most of this record 
shows the electric and thermal tracings to be in phase; that is, an increase in 
temperature is accompanied by a rise in potential. Frequently, however, the 
phase relations may shift for several hours; i.e., an increase in temperature now is 
accompanied by a decrease in potential. These potential-temperature phase 
reversals are entirely consistent with the results obtained in the thermal potential 
difference experiments. As shown in curve A of figure 4, the potential may not 
increase uniformly over the temperature range of 28° to 34°C., the same tem- 
perature range as represented in the isothermal plot of figure 6. In curve A of 
figure 4, the potential is seen to increase with temperature from 28° to 31.8°C., 
and then it proceeds to fall 1 mv. between 31.8° and 32.5°C., even though the 
temperature is still rising. 


12 Arlex: Trade name of commercial sorbitol, an excellent ‘‘humectant’’, manufactured 
by the Atlas Powder Company, Wilmington, Delaware. 
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It should be emphasized that both the thermal and electric curves of figure 7 
represent differential values; that is, the temperature or electric difference be- 
tween the vaginal and suprapubic electrodes. 

V. pH AND POTENTIAL CHANGES. Since the experiments described above 
clearly indicated a relation between temperature and bioelectric potentials, the 
next consideration was the effective mechanism. 

Evidence that the thermal factor might act through its influence on pH was 
suggested by the data of Sribyatta and Bazett (28) on decrease of pH of blood in 
vivo with increase in temperature. Through a temperature range (10°-45°C. 
approximately the same as that within which the T. P. D. curves of the present 
study were recorded, these workers obtained a difference of 0.36 pH. Now, if one 
assumes that the thermal skin temperatures are due to a pH concentration-cell 
system made up of blood, tissue fluids and the skin, and since a change of 1 pH 
unit is equal to a potential shift of about 60 mv., a decrease of 0.36 pH would 
involve an increase of approximately 22 mv. This figure is of the same order of 
magnitude as the voltage changes recorded in the T. P. D. curves over a cor- 
responding temperature range. The pH values, as plotted by Sribyatta and 
Bazett, and the T. P. D. curve C of figure 4 are similar. 

Stasis and Potential Changes. In view of this agreement between calculated 
and observed values of E. M. F. when thermal skin potentials were assumed to 
be due to a pH concentration-cell system, we next undertook to determine if one 
could obtain significant changes in potential by employing some means to affect 
pH. An experiment was therefore devised whereby the temperature was kept 
constant, but a shift in blood and tissue pH was induced by arterial and venous 
stasis. 


The same set-up was used as previously in obtaining the T. P. D. curves represented in 
figure 4, but in this case the fingers of the experimental hand were placed in a beaker of 
saline solution kept at a constant temperature of 40°C. +0.1°C., while the reference or con- 
tralateral fingers were immersed in salt solution maintained at approximately 23.2°C. A 
Riva-Rocci cuff was placed on the experimental arm as for determinations of blood pressure. 


For a period of 20 minutes normal conditions prevailed. Then the cuff was 
rapidly inflated to 40 mm. Hg above systolic pressure. Following a brief lag, 
the potential rose to a plateau (fig. 8). After 10 minutes, during which pain was 
experienced and the arm became quite cyanotic, ‘‘Bier’”’ spots being clearly visible 
near the end of this period, the pressure in the cuff was rapidly released, where- 
upon the potential fell steeply. There was, however, a lag of 10 to 15 seconds 
between the release of the pressure and the beginning of the potential drop. The 
potential decreased rapidly and seemed to overshoot—possibly because of excess 
blood flow due to the relaxed condition of the capillaries under the high concen- 
tration of CO. which had been built up during the period of arterial and venous 
stasis. 

When the cuff was again inflated 10 minutes later, the same phenomenon was 
observed. In the last part of the record, a similar potential rise was induced by 
warming the experimental hand. 


410 J. M. SNODGRASS, J. ROCK AND M. F. MENKIN 


This particular experiment may be repeated as often as desired with substan- 
tially identical results. 
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Fig. 8. Finger-to-finger potential changes induced by arterial and venous stasis by means 
of a Riva-Rocci cuff on one arm. 

When the pressure was released at 3:40 p.m., there was a sudden drop of 8.8 mv. in the 
potential difference between the control and the experimental arm. From data compiled 
by Peters and Van Slyke (29), a difference of approximately 0.14 pH may be expected in 
human blood between the condition of rest and that of heavy exertion. This corresponds 
to a voltage shift of 8.7 mv., a figure in close agreement with our result. 

The last part of the record marked ‘“‘heating’’, and beginning at about 4:11 p.m., shows 
the potential change on warming from 40° to 46°C. The break in the curve is caused by the 
momentary cessation of the heating at 43°C. 

Curve reproduced photographically from untraced original. 
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Fig. 9. Left-hand curve. Thermal potential differences induced by heating heparinized 
whole blood in one arm of a “‘U’’-tube, the ends of which were covered with a semipermeable 
membrane. Little potential change appeared before 30°C. At 50°C. the potential fell to 
zero and no further potential change was observed, even though the heating was continued 
to 60°C. It is quite possible that the 50°C. point may be significant in this connection, as 
most of the proteins would be completely denatured at or before this temperature was 
reached. The curve is an untraced photographic reproduction. 

Right-hand curve. Potentials recorded in test system when dilute HCl and dilute NaOH 
are added on one side of the semipermeable membrane. Curve traced from original 
recording. 


VI. Errects OF TEMPERATURE AND PH POTENTIAL IN vitro. In order to 
study directly the effect of thermal and pH changes on potential, experiments 
were performed on a synthetic system. 
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1. Temperature. The set-up consisted of a “U’’-tube containing heparinized wi 
venous blood; across the ends of the ‘‘U’’-tube was stretched a semipermeable membrane. 
One arm of the ‘‘U’’-tube was inserted in the beaker of saline solution serving as the refer- 
ence terminal. The other arm of the ‘‘U’’-tube was dipped in the salt solution to be heated. 
The curve obtained, as the saline solution was heated, is shown in figure 9 (left-hand plot). 

2. pH. The ‘‘U’’-tube used above was modified by making a glass ‘‘T’’ connection at the 
vertex of the inverted ‘‘U’’ and inserting a very small bore rubber tube down the ‘“T’ and 
along one arm of the ‘‘U’’. The side having the rubber tube was called, for convenience, 
the ‘‘experimental arm.’’ In the set-up as described above, but with the ‘‘U’’-tube filled 
with the same saline solution as in the beakers, the only potential in the system was the small 
electrode potential. 


When dilute HCl in saline solution was run through the rubber tube to the 
“experimental arm,” a potential change in the positive direction was observed, 
as shown in the right-hand curve of figure 9. When pure saline solution was sub- 
stituted, the potential returned to the initial value. The introduction of dilute 
NaOH in salt solution, on the other hand, was followed by voltage changes in 
the opposite direction. 

The direction of the potential change elicited upon introducing dilute HC! 
into the system was the same as that caused by the acidosis resulting from the 
arterial and venous stasis produced in the experiment described above. The 
results of the in vitro experiments therefore substantiate those obtained in vivo, 
showing clearly a definite relation between thermal and pH factors and potential. 

Discussion. The evidence presented in figure 1 indicates the great difficulty 


of locating on the skin surface a stable reference electrode. The potential 
gradient is occasionally so steep that a difference of 22 mv., or more, may be found 
between two points no further apart than 4cm. This difficulty in maintaining 
the stability of a reference electrode on the skin surface offers in itself a rational 
explanation for the inconsistent results previously obtained in connection with 
the so-called “abdominovaginal sign” of ovulation. 


The réle of emotional factors in relation to stability of isopotential contour patterns 
brings up an interesting point with regard to the findings of Altmann (8) on the sow. Since 
Altmann’s potential values, as published, represent the averages of several daily observa- 
tions taken at various times during the cycle, it is not surprising that the voltage differences 
at ovulation time are higher than those at diestrus, for she herself comments on the ‘“‘fre- 
quent and typical grunting, mounting, and restlessness’’ of the sow during heat. She 
records that in the course of estrus, spontaneous activity increased up to about twice the 
non-estrous level. 


Inasmuch as in our experiments on finger-to-finger potentials we were unable 
to duplicate the results of other workers who reported cyclic electric changes 
which they correlated with ovulation time, it may be pertinent to remark on 
certain aspects of these studies. In regard to the findings recorded by Barton 
(17, 18), it should be pointed out that the method of reducing all cycles to deciles 
grossly ignores any possible biologic connection between ovulation and menstrua- 
tion. While the method is admittedly statistically convenient, it may not 
legitimately be applied where there exists any causal relation between a series of 
variables observed over different intervals of time, and especially when there is a 
functional dependent relation between the separate observations. 
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In connection with the experiments of Altmann et al. (19), it should be noted 
that since the cycle lengths of their subjects ranged from 23 to 61 days, the 
results are hardly applicable to the normal cycle. Furthermore, the temperature 
and vaginal smear data, collected for the purpose of furnishing correlative and 
supporting evidence as to the time of ovulation, were admitted by the authors 
to be not entirely satisfactory. The temperature records, they state, did not 
always represent basal values. The vaginal smears, stained by the original 
technic of Papanicolaou, which is now considered quite inadequate, manifested 
a “rather weak expression of the phases of the cycle.’”’ The latter was attributed 
to the fact that the subjects were college women. 

The temperature potential difference (T. P. D.) curves recorded in this study 
clearly demonstrate a definite relation between thermal and electric changes, and 
indicate-that the mechanism by which temperature influences potentials is con- 
cerned, at least in part, with changes in pH. Certain non-linear results obtained 
in the course of our experiments bring to mind the investigations of Loeb (30) 
on the effect of hydrogen-ion concentration of protein solutions in modifying the 
potentials across membranes. 

On the basis of the asymmetric temperature differences noted by Heiser and 
Cohen (22), as well as the finger potential data presented above, it would seem 
highly probable that there is a small but significant pH difference between the 
venous blood taken from the right and left arms. In right-handed individuals, 
the pH of the blood should theoretically be slightly lower in the right arm than 
in the left one. 


It may be pointed out that changes of blood and tissue pH with respect to temperature 
have been little investigated. Measurements of pH have usually been made under carefully 
standardized temperature conditions, and comparatively meager information is available 
relating to continuous functions of temperature and pH. The influence of environmental 
factors on blood pH was investigated by Berg and his associates (31) who found a high 
statistical correlation between the blood pH of dogs and that of human beings studied over 
the same period of time. The relation between pH and temperature was less marked than 
that between pH and barometric pressure. In our own study on finger potentials made 
simultaneously on two groups of women, very little correlation could be shown between the 
observed potentials and barometric pressure, whereas a definite relation was noted between 
potentials and relative humidity. This is probably due to the fact that the action of the 
pressure change is symmetrical and does not have as large an asymmetric modifying factor 
as does the relative humidity. The relative humidity may be considered as an asymmetric 
modifying factor, since there exists an initial difference in temperature between the right 
and left hands and any change in the relative humidity modifies the relative rates of heat 
radiation of the two hands. 


In attempting to explain the marked E. M. F. changes that have been as- 
sociated with ovulation, one should take into account the experiments of Mittel- 
mann and Wolff (24) who reported great variability in finger temperatures with 
different emotional states. Since skin temperature fluctuations are known to be 
induced by vasomotor and hormonal changes, it seems quite probable that the so-called 
“ovulation potentials” previously reported, whether elicited between a vaginal and a 
suprapubic electrode (1-6, 9-12), between two surface areas—abdominal or flank 
(7, 8, 12), or between fingers (14-19), are measurements only of local changes in 
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pertpheral cutaneous blood flow, due to alterations in capillary tone. Hormonal 
changes, which would of necessity be general and diffuse, might easily lead to 
increased instability of capillary tone, giving rise to fairly large thermal and 
potential shifts. On this basis, one may perhaps explain the difficulty encount- 
ered in attempting to plot either isopotential or isothermal contours on individuals 
of the so-called ‘“‘sthenic”’ type. When one considers the profound vascular and 
thermal changes which occur with estrus, Rogers’ (6) experiments on rats seem to 
fall readily in line with the results in human beings and rabbits. 


In regard to the contention of Altmann et al. (19) that potential and temperature differ- 
ences between index finger-tips were unrelated, it should be pointed out that no definite 
conclusion can be drawn from their experiments, for, whereas the thermocouple measures 
the temperature of a decidedly restricted area in physical contact with its elements, the 
electric measurements, on the other hand, represent the bioelectric conditions existing over 
a fairly large area (the surface of the finger-tip), and would not be expected to be related to 
a point determination _of temperature. 


Mention should here be made of a recent report by Langman and Burr (32) 
of a negative shift in potential difference between the cervix ufert and the ankle 
noted at certain times in the menstrual cycle, whereas tests made on other days 
of the cycle showed the cervix to be positive to the ankle. Negativity was ob- 
served during the menses, as well as at various times in the intermenstruum. 
Because in two cases artificial insemination performed during the negative phase 
resulted in pregnancies, the authors regard the negative shift of potential of the 


cervix uteri as a sign of ovulation. 

In this connection it seems pertinent to suggest the possibility that the po- 
tential change recorded by Langman and Burr may be dependent on cyclic varia- 
tions in the pH of the cervical mucus. Pierra (33), reporting an increase in 
alkalinity of cervical mucus in the intermenstruum, stated that while the rise in 
pH could not be considered a definite test of ovulation, it might help to determine 
when a woman was especially fertile. Later, Lamar, Shettles and Delfs (34) 
noted increased alkalinity of cervical fluid during the menses, as well as in mid- 
cycle, and observed that this change was accompanied by a rise in the amount of 
secretion together with increased penetrability to spermatozoa, as well as longer 
survival time of the latter. The possible réle of cervical pH in accounting for 
unexplained causes of sterility has been suggested by Schockaert and Delrue (35). 

May not the increased negativity of the cervix during catamenia and in the 
intermenstruum, recorded by Langman and Burr, be merely a measure of in- 
creased alkalinity of cervical secretion at these times? Such a process can be 
duplicated by the in vitro experiment described above (fig. 9, right-hand curve) 
in which a shift of potential difference in the negative direction took place when 
NaOH was substituted for NaCl in the synthetic system. On this basis, then, 
one would expect the negative phase to be the logical time for artificial insemina- 
tion to sueceed, due to the increase of alkalinity of the cervical mucus asso- 
ciated with optimum conditions for penetration and longevity of spermatozoa. 
Strictly speaking, then, the negative shift in potential between the cervix uteri 
and the ankle, reported by Langman and Burr, may be regarded not as a test for 
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ovulation, but as an indication that conditions in the cervix are favorable for the 
survival and successful functioning of spermatozoa. 


SUMMARY AND CONCLUSIONS 


1. By plotting isopotential contour patterns on human skin areas, it was 
difficult to locate properly on the surface a reference electrode which would be 
stable in potential. This instability, which may be in part, at least, related to 
emotional factors, made it impossible in our cases to obtain isopotential con- 
tours on preoperative patients near ovulation time. With the broad ligament as 
a reference electrode, direct measurements on ovaries in situ, during laparotomy 
within the estimated ovulation time, failed to show any marked potential grad- 
ients. The difficulty of maintaining the stability of a reference electrode on the 
skin surface offers in itself a rational explanation for the inconsistent results 
previously obtained in connection with the so-called ‘abdominovaginal sign” 
of ovulation. 

2. When adequate precautions were taken to rule out spurious readings, no 
marked changes could be demonstrated in daily finger-to-finger potentials of 
two groups of female subjects studied for about nine consecutive weeks. In 
women with normal menstrual habits, there was no evidence of cyclic potential 
changes between finger-tips that might be related to the occurrence of ovulation. 
The index fingers did not appear to possess any unique property when voltage 
readings obtained from them were compared with determinations made 
on other pairs of fingers. The observation that polarity was associated with 
relative activity (and possibly temperature) of one hand as against the other, as 
well as the high degree of similarity in direction of potential shifts of the two 
groups of women studied simultaneously, pointed to a common environmental 
influence as a factor underlying the observed fluctuations, and suggested the 
investigation of temperature in relation to finger potentials. 

3. Temperature was shown to influence bioelectric potentials, the effect con- 
sisting, as a rule, of an increase in potential of the warmer area in a positive di- 
rection with respect to the cooler one. The relation of skin potential to the sur- 
face temperature was found to be reasonably stable and reproducible within cer- 
tain limits over the range from 12° to 46°C. The change of potential with 
temperature was reversible; it was not affected by the sex, state of consciousness, 
or position of the subject. The results were similar whether fingers of the same 
or of opposite hands were tested, and, as shown by the rabbit experiments, were 
apparently not dependent on sympathetic innervation of the areas studied. 

4. The evidence presented suggests that the mechanism through which 
temperature affects potential may be bound up with changes in pH. If one 
assumes the thermal skin potentials to be due to a pH concentration-cell system 
and, on the basis of previous experiments relating temperature and pH, one 
calculates the values of E. M. F., the theoretical and observed figures agree 
closely. 

5. Bioelectric phenomena previously reported as related to ovulation are due 
primarily to cutaneous vascular conditions and possibly only remotely and to a 
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slight degree to ovarian influence. Local changes in blood flow affect the focal 
temperature, which in turn reacts on the focal pH, the fluctuations of which di- 


rectly determine potential variations. Because the hormonal factor is only one 
of several affecting vascular phenomena, it is our belief that potential changes 
recorded thus far cannot be attributed solely to ovarian activity, and that there- 
fore the electric methods hitherto proposed are unsuitable for the detection of 
ovulation. 


We are greatly indebted to Dr. Hallowell Davis for valuable suggestions during 
the course of these investigations. 
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Recent work has suggested that the kidney may play a réle in resisting shock 
due to hemorrhage. This concept is supported by the following observations: 
1, renal venous blood obtained from dogs which have been bled causes a greater 
increase in blood pressure than does similar blood from normal animals when 
injected mto a recipient nephrectomized dog (1); 2, hemorrhage in nephrecto- 
mized dogs results in a lower blood pressure and a higher percentage of deaths 
than the same amount of blood loss in intact control animals (1); 3, in adrenalec- 
tomized dogs the renal mechanism seems essential for pressor activity (1); 4, 
blood from animals after hemorrhage, as tested on guinea-pig ileum, shows an 
increased content of angiotonin and a decreased content of renin-activator, as 
compared with a marked increase in renin-activator content in adrenalectomized- 
nephrectomized dogs (2); 5, blood pressure can be restored in dogs made hypo- 
tensive from hemorrhage by injection of renin-activator, presumably because 
secretion of renin after hemorrhage results in an exhaustion of renin-activator 
(3). The experiments here reported offer evidence that in the rat- as in the dog 

the kidneys play a réle in maintenance of blood pressure and prolongation of 
life in hypotension due to hemorrhage. 

Meruop. In each experiment a pair of rats of the same sex and of approxi- 
mately equal weight and age were used. These were given as nearly as possible 
identical treatment except that in the test animal the renal circulation was 
severed from its connection with the general circulation, while that of the control 
animal was left intact. A cannula was inserted into the abdominal aorta just 
proximal to its bifurcation and blood pressure readings were taken with a mer- 
cury manometer connected directly to the cannula. In five experiments the 
rats were anesthetized with 1 per cent sodium pentobarbital given intraperitone- 
ally and later supplemented by intra-aortai injections of smaller quantities as 
necessary. In the other two experiments ether was used until approximately 0.5 
ce. of 20 per cent paraldehyde in saline could be injected intra-aortally. Hep- 
arin in saline was administered to prevent clotting. Blood was withdrawn and 
injections made through a three-way tap connected to the aortic cannula. 

Every effort was made to control the effects of such trauma as was necessary 
in order to carry out the experiments. Thus, in two experiments complete 
bilateral nephrectomy was performed through the abdominal cavity in the test 
animal, and renal decapsulation with as nearly as possiple the same amount of 
trauma was performed in the control animal. In one experiment the kidneys of 
both animals were freed from their capsule and peritoneal covering and ligatures 
416 
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which had been passed around the pedicles were tied in the test animal and left 
loose in the control. In the remaining four experiments ligatures were passed 
around the vessels of both kidneys with a curved needle, avoiding trauma to the 
kidneys, and these were tied in the test animal and left loose in the control. The 
average duration of the operation was 20 minutes, so that there was relatively 
little difference in the duration of shock in the two animals, but in addition the 
order of operation on test and control rats was alternated in successive experi- 
ments. The technique of bleeding varied according to the amount required to 
give a moderate hypotension, but 0.5 cc. portions were removed every 10 min- 
utes until roughly one per cent of total body weight was withdrawn and subse- 
quently blood was withdrawn in 0.25 ec. portions until the animals died. 

In one additional experiment adrenalectomy was performed through the abdo- 
men in both test and control animals previous to the above-described operation 
and bleeding. 

As a control to determine the effects of the anesthetic and operation alone two 
additional experiments were performed. <A single rat under sodium pentobar- 
bital anesthesia, without renal circulation, was allowed to remain without blood 
loss until death. In the second experiment a test and control animal, both under 
ether and paraldehyde, were allowed to remain similarly until death. 

Resutts. The effects of blocking the renal circulation were striking in that 
in all experiments the control animal maintained a higher blood pressure after 
bleeding than did the test rat. This was true also in those experiments in which 
the initial blood pressure before bleeding was lower in the control than in the test 
animal. In all but one experiment the control rat lived longer (fig. 1 a-c), and 
in the single experiment in which the control animal died sooner, its blood pres- 
sure throughout the experiment, except for the last eleven minutes, was signifi- 
cantly higher than that of the test animal. 

Results of the adrenalectomy were inconclusive since the first blood pressure 
readings indicated that the operation itself was extremely shocking, but the 
difference between test and control animals seen in the seven previous experi- 
ments were exaggerated in the adrenalectomized pair of rats. Both animals 
sustained hemorrhage poorly, that without renal circulation markedly less well 
(fig. 1, d). (In no experiment except that with adrenalectomy could any dis- 
turbance of the adrenals or their blood supply be demonstrated on gross post- 
mortem examination.) 

In the control experiments without hemorrhage the one animal under sodium 
pentobarbital without renal circulation maintained a blood pressure above 90 
mm. Hg for 43 hours. In the two animals under paraldehyde the animal without 
renal circulation maintained a pressure above 95 for 3 hours, while the control 
had a consistently lower blood pressure but maintained it above 80 for 23 hours. 
This period was longer than the duration of hemorrhage and hypotension, from 
initial hemorrhage until death, in any of the experiments. 

Discussion. Recent work has shown that the kidneys produce a pressor 
substance following hemorrhage which can be demonstrated by injection into 
dogs or by in vitro tests on guinea-pig ileum, and that nephrectomized dogs main- 
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tain a lower blood pressure than intact animals (1) (2). The experiments here 
reported show that rats deprived of their renal circulation withstand hemorrhage 
much more poorly than do control rats. 

The following facts were considered to rule out other causes of the difference 
in response of test and control animals than the failure of the test animal to se- 
crete a renal pressor substance: The effect of accumulated sodium pentobarbital, 
which is excreted mainly through the kidneys, was eliminated by experiments in 
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Fig. 1. Effeet of hemorrhage on the blood pressure of rats deprived of their renal cireu- 
lation and on control intact rats. 

Fig.1,a,b. Test animal had bilateral nephrectomy ; control animal had renal deecapsu- 
lation and sham nepkrectomy. Both animals under nembutal. 

Fig. 1,¢. Ligatures passed around renal pedicle of both rats with a curved needle, tied 
in the test rat and left loose in the control. Both animals under nembutal. 

Fig. 1, d. Both animals adrenalectomized. Ligatures passed around renal pedicles of 


both animals, tied in test animal and left loose in control. Both animals under ether 
followed by paraldehyde. 


which ether and paraldehyde, which are eliminated mainly by the lungs (4), were 
employed as anesthetics. That the results were due to trauma or removal of the 
adrenals from the circulation was not considered tenable because of the separate- 
ness of the kidneys and adrenals in rats, the failure to demonstrate a damaged 
blood supply or damaged gland at post-mortem, the much greater shock caused 
by adrenalectomy than by nephrectomy, and by the fact that the action of the 
adrenal and kidney seemed to be additive in that adrenalectomized rats without 
renal circulation withstood hemorrhage extremely poorly as compared with the 
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control adrenalectomized rat. Although in these experiments no attempt was 
made to rule out reflexes arising from the kidney as a cause for the results, 
Hamilton and Collins have shown that the production of a pressor material does 
not depend entirely on connections with the central nervous system (1 

These experiments do not prove that the renin—renin-activator system, which 
has been shown to undergo changes during hemorrhage and shock, is responsible 
for the maintenance of blood pressure in this condition, but such seems the most 
logical explanation at the present time of the fact that animals deprived of their 
renal circulation withstand hemorrhage much less well than control intact 
animals, 


SUMMARY 


Rats anesthetized with sodium pentobarbital were subjected to repeated 
hemorrhage, the kidneys being removed from the circulation in one-half of the 
animals and being intact in the remainder. The nephrectomized animals dis- 
played a greater drop in blood pressure, and died following the removal of a 
smaller amount of blood than the controls. The effects were not due to trauma 
to the adrenals because they were not modified when the kidneys of the control 
animals were manipulated to a degree equal to that required for a nephrectomy. 
Likewise, the results were not due to failure of excretion of the anesthetic agent 
because similar effects were observed in animals anesthetized with ether and 
paraldehyde. The observations support the concept, advanced by others, that 
the renal pressor mechanism may play a rdéle in resistance to hemorrhage and 
other states attended by acute lowering of the blood pressure. 
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That the response to withdrawal of small volumes of blood changes with the 
state of the animal and with the volume and composition of the circulating fluid 
is a matter of common observation. There have been occasional attempts to 
use this as a means of gauging the severity of cardiovascular damage (Ebert, 
Stead, Warren and Watts, 1942) or the adequacy of blood substitutes (Gordon, 
Hoge and Lawson, 1942; Levinson, Weston, Janota and Necheles, 1943). The 
significance of such studies is obscure, since there has been no systematic in- 
vestigation of the factors which limit the volume of blood which can be with- 
drawn from an animal at any particular circulatory level, and since the limiting 
factors cannot be predicted on a priori grounds. 

It may be assumed with some assurance, however, that the volume obtained 
when an animal is bled to death depends upon the volume and the composition 
of the blood at the start of the bleeding; upon the amount of extravascular 
fluid which can be brought in, and the efficiency of mechanisms which maintain 
flow through vital organs, during the bleeding; and upon the ability of vital 
organs to survive reduction of blood flow toward the end of the bleeding. It 
appears likely that the relative importance of these factors will vary with the 
rate of bleeding. Rigorous control of bleeding rate is therefore essential if any 
interpretation of results is to be attempted. The term bleeding volume will 
be used in this report, unless it is qualified, to mean the volume of blood obtained 
by bleeding to death at controlled rates of blood withdrawal. 

Comparison of bleeding volumes in groups of differently treated animals 
might be expected to yield useful information, but the value of the information 
gained would hardly justify either the labor or the large expenditure of animals 
which would be required. Data on the factors which govern bleeding volume 
could be obtained easily and economically if it were possible to repeat the 
measurement in the same animal at appreciable time intervals. Such repeated 
measurements are possible if a reliable end-point for the first exsanguination 
can be found, which will permit extrapolation to death with a fair amount of 
accuracy. It is obvious that even small blood withdrawals for the production 
of such an end-point may produce persistent changes in bleeding volume which 
will alter the value obtained in the second measurement. If irreparable damage 
is done to the cardiovascular system or its contents on the first withdrawal, 
reinjection of the drawn blood should yield low second values. If, on the 
contrary, there is a net gain of circulating fluid during the first withdrawal, 
and this fluid remains available, second volumes should be higher than the first. 


1 Aided by a grant from the Knox Gelatine Company, Johnstown, N. Y. 
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The studies reported here were undertaken in an attempt to find conditions 
under which bleeding volume could be determined twice in the same animal, 
the animal being killed by bleeding on the second test. Since the immediate 
object was the development of tests for the empirical comparison of blood 
substitutes (Lawson and Rehm, 1943), conditions were sought under which the 
second volume would be nearly the same as the first if the blood drawn for the 
first test was reinjected, and would be very low if no replacement was made. 
Similar considerations influenced the choice of a 4-hour interval between the 
first and the second measurement. 

Meruops. Dogs kept without food and water for 18 to 24 hours were anes- 
thetized by a single intravenous injection of sodium barbital, 250 mgm./kgm. 
A tracheal cannula was inserted, a carotid artery cannulated for recording mean 
arterial pressure, a femoral artery cannulated for drawing blood, and the ipse- 
lateral femoral vein prepared for infusions. Animals were not selected for size, 
sex, or condition, except that no obviously sick, immature, or pregnant animals 
were used. About one-fourth of the experiments were done with 0.9 per cent 
NaC] solution in the carotid cannula and blood-pressure line, with 4 ce. 5 per 
cent chlorazol fast pink solution injected into the cannula as anticoagulant, the 
remainder with 5 per cent sodium citrate solution. No difference was observed 
in the results. The animals were kept in a supine position throughout the 
period of observation. 

Blood was drawn by free arterial hemorrhage in unit volumes equal always 
to 2 ec./kgm. body weight at intervals of 1 to 4 minutes, the interval between 
withdrawals being kept constant throughout an experiment. The withdrawal 
of this volume usually required 5 to 10 seconds, except on the last few bleedings 
before death, which sometimes required 45 seconds or longer. The relatively 
long period in each interval during which no blood was flowing was utilized for 
flushing out the cannula to prevent clotting. The arterial pressure recorded 
as resulting from a unit volume withdrawal was read at the end of the interval, 
i.e., just before beginning the next withdrawal. 

Heparinization of the drawn blood for reinjection was done by placing in the 
bleeding cannula before each unit withdrawal enough heparin solution to treat 
the volume to be drawn. The heparinized blood was filtered through cheese- 
cloth just before infusion. Infusions were started immediately at the end of 
the interval in which the pre-arranged end-point was reached. No careful 
control of infusion rate was attempted, the blood being run in rapidly at first 
until arterial pressure began to rise, then more slowly, the whole infusion being 
completed within 3 to 8 minutes. 

Of the several criteria considered for determining the exact time of death, 
the most satisfactory was found to be persistent depression of arterial pressure 
below 10 mm. Hg. To ensure uniformity in handling temporary depressions 
below this level, it was decided not to begin a bleeding if pressure at the time 
was below 10 mm., but not to discontinue a bleeding which had been started 
for any other reason than inability to obtain blood. Fractional withdrawals 
were thus obtained only on the last bleeding. They were counted as complete 
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if more than half the required volume was drawn, and not counted if less than 
half was obtained. The volumes reported are for this reason always multiples 
of 2 cc./kgm., and are accurate within 1 cc./kgm. 

Resuuts. Preliminary bleeding. Exploratory studies made it apparent 
that the conditions sought for the comparison of blood substitutes could not 
readily be obtained by a simple double-hemorrhage procedure. If the first 
bleeding was terminated when death seemed imminent, and no replacement 
was made, arterial pressure not infrequently recovered, and fairly large second 
bleeding volumes were obtained 4 hours later. Replacement with saline after 
the first bleeding rather consistently yielded large second bleeding volumes. 
It was found, however, that neither spontaneous nor saline-assisted recovery of 
bleeding volume occurred following the second hemorrhage, if it was stopped 
short of death. Third bleeding volumes under these conditions were consistently 
and strikingly reduced, many of the animals dying within the 4 hours. 

Since comparison of the first and the second volume did not appear to be useful 
for the present purposes, it was decided to use the first bleeding as a part of the 
preparation of the animals, and actually to compare the volumes obtained 
on the second and the third bleeding. To reduce the tedium of the procedure, 
the preparatory bleeding was done by withdrawing from all the animals a fixed 
volume of 20 cc./kgm. at the rate of 2 ec./kgm./min., from 2 to 5 hours before 
beginning the studies reported below. Since fixed volumes were drawn in the 
preliminary bleeding, with undetermined amounts of circulatory impairment, 
it cannot be considered a part of the bleeding volume determinations in these 
studies. All the studies reported here were done on animals who had survived 
this type of preparatory exsanguination, without replacement, 2 to 5 hours 
previously. It has not been possible to correlate any of the results with the 
length of time between preparatory bleeding and the first measurement, within 
these limits. 

Selection of an end-point for the bleeding in the first measurement. The pro- 
cedure as contemplated in theory requires that some easily recognized level of 
circulatory impairment be found which will lie a reasonably constant bleeding 
volume short of the death of the animal. The residual bleeding volume could 
be predicted at this point on the basis of control studies, without actually 
withdrawing the residual volume in animals who must be saved for second 
measurements. 

In animals prepared as described above and bled to death at controlled rates 
between 2 cc./kgm./min. and 2 cc./kgm./4 min., records of mean arterial 
pressure had the characteristics shown in figure 1. Both the initial and the 
terminal plateau were observed with all rates, and were also obtained in animals 
who had not been subjected to preparatory bleeding. The plateaus are the 
result of progressive restoration of pressure during the intervals between unit 
withdrawals. Such restoration does not occur during the steeply-sloped middle 
portion of the record. In this portion of the bleeding, pressure usually continues 
to fall after a 2 ce./kgm. unit withdrawal is complete. These relationships are 
more apparent with the slower rates of bleeding. 

Table 1 summarizes the data on animals bled to death at the 2 ec./kgm./3 min. 
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Fig. 1. Effect of hemorrhage at the rate of 2 ec./kgm./3 min. on arterial pressure. Pre- 
liminary hemorrhage 20 ee./kgm. at the rate of 2 ec./ kgm./min. 4 hours previously. Each 
numbered signal marks withdrawal of 2 ¢e./kgm. Time in minutes. Progressive diminu- 
tion in the amplitude of Mayer waves on the initial plateau is typical. 


TABLE 1 
Distribution of the volume of blood drawn during fatal hemorrhage with reference to the terminal 


plateau in arterial pressure (see text and fig. 1 


Hemorrhage rate 2 ce./kgm./3 min. The volume drawn on preliminary hemorrhage, 20 


ec./kgm., is not ineluded 


oF TERM. | GINNING OF VOL. wean om TERM 
»LATEA 
mm. ¢ cc./kgm. 

26 18 
40) 20 
36 IS 
12 26 
41 22 
33 28 
47 | 12 
34 20 
44 20 
47 | 22 

40 16 12 

44 16 

12 

14 

16 

14 

14 


Mean........ : | 15.65 


$23 
TOTAL VOI DRAWN 
cc./kem. 
32 
36 
34 
10) 
42 
44 
32 
| 32 
40) 
42 
28 
20 
| 14 
20 
24 
20) 
22 
| 30.71 
9.35 
; 2.27 


422 HAMPDEN LAWSON 


if more than half the required volume was drawn, and not counted if less than 
half was obtained. The volumes reported are for this reason always multiples 
of 2 cc./kgm., and are accurate within 1 cc./kgm. 

Resuuts. Preliminary bleeding. Exploratory studies made it apparent 
that the conditions sought for the comparison of blood substitutes could not 
readily be obtained by a simple double-hemorrhage procedure. If the first 
bleeding was terminated when death seemed imminent, and no replacement 
was made, arterial pressure not infrequently recovered, and fairly large second 
bleeding volumes were obtained 4 hours later. Replacement with saline after 
the first bleeding rather consistently yielded large second bleeding volumes. 
It was found, however, that neither spontaneous nor saline-assisted recovery of 
bleeding volume occurred following the second hemorrhage, if it was stopped 
short of death. Third bleeding volumes under these conditions were consistently 
and strikingly reduced, many of the animals dying within the 4 hours. 

Since comparison of the first and the second volume did not appear to be useful 
for the present purposes, it was decided to use the first bleeding as a part of the 
preparation of the animals, and actually to compare the volumes obtained 
on the second and the third bleeding. To reduce the tedium of the procedure, 
the preparatory bleeding was done by withdrawing from all the animals a fixed 
volume of 20 cc./kgm. at the rate of 2 cc./kgm./min., from 2 to 5 hours before 
beginning the studies reported below. Since fixed volumes were drawn in the 
preliminary bleeding, with undetermined amounts of circulatory impairment, 
it cannot be considered a part of the bleeding volume determinations in these 
studies. All the studies reported here were done on animals who had survived 
this type of preparatory exsanguination, without replacement, 2 to 5 hours 
previously. It has not been possible to correlate any of the results with the 
length of time between preparatory bleeding and the first measurement, within 
these limits. 

Selection of an end-point for the bleeding in the first measurement. The pro- 
cedure as contemplated in theory requires that some easily recognized level of 
circulatory impairment be found which will lie a reasonably constant bleeding 
volume short of the death of the animal. The residual bleeding volume could 
be predicted at this point on the basis of control studies, without actually 
withdrawing the residual volume in animals who must be saved for second 
measurements. 

In animals prepared as described above and bled to death at controlled rates 
between 2 cc./kgm./min. and 2 ec./kgm./4 min., records of mean arterial 
pressure had the characteristics shown in figure 1. Both the initial and the 
terminal plateau were observed with all rates, and were also obtained in animals 
who had not been subjected to preparatory bleeding. The plateaus are the 
result of progressive restoration of pressure during the intervals between unit 
withdrawals. Such restoration does not occur during the steeply-sloped middle 
portion of the record. In this portion of the bleeding, pressure usually continues 
to fall after a 2 ce./kgm. unit withdrawal is complete. These relationships are 
more apparent with the slower rates of bleeding. 

Table 1 summarizes the data on animals bled to death at the 2 ce./kgm./3 min. 
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Fig. 1. Effect of hemorrhage at the rate of 2 ce./kgm./3 min. on arterial pressure. Pre- 
liminary hemorrhage 20 cc./kgm. at the rate of 2 cc./ kgm./min. 4 hours previously. Each 
numbered signal marks withdrawal of 2 ce./kgm. Time in minutes. Progressive diminu- 
tion in the amplitude of Mayer waves on the initial plateau is typical. 
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Distribution of the volume of blood drawn during fatal hemorrhage with reference to the terminal 


plateau in arterial pressure (see text and fig. 1) 


Hemorrhage rate 2 ec./kgm./3 min. The volume drawn on preliminary hemorrhage, 20 
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rate. If the 20 ec./kgm. drawn from each animal on the preparatory bleeding 
were added to the volumes recorded in the table, the total volumes obtained 
and the individual variations would be of the same order of magnitude as those 
reported for unanesthetized animals bled to death by uncontrolled arterial 
hemorrhage (Ivy, Greengard, Stein, Grodins and Dutton, 1943). The volume 
drawn on the terminal plateau is considerably more constant than the volume 
required to lower pressure to the plateau. The standard deviation of the former 
value, as shown in the table, is only 18.5 per cent of its mean, while the standard 
deviation of the total bleeding volume is 30.5 per cent of its mean. It appears 
from these data that in animals prepared and bled in this way, arrival at the 
terminal plateau signals production of a circulatory state which can withstand 
only limited and fairly constant further volume withdrawal. The con- 
staney of length of the terminal plateau cannot be ascribed simply to the 
fact that all the animals are exposed for the same length of time to damage at 
these low pressure levels, since animals bled to the expected middle of the 
plateau and left undisturbed not infrequently lived for 2 hours or longer without 
cither a rise or a fall in pressure. Residual bleeding volume could be predicted 
with reasonable accuracy on the basis of the data of table 1 if the actual bleeding 
during the first measurement were terminated anywhere along the lower plateau, 
at fixed volumes from its beginning. 

Although the terminal plateau is easy to identify on most finished records, 
it is often difficult to demonstrate on tracings which are in progress without 
invading it for a number of unit bleedings. If the plateau is to be used as an 
empirical landmark for terminating the first bleeding, it seemed better not to 
invade it, but to try to obtain a pressure end-point lying just above its beginning 
on the steeply-sloped portion of the record. Animals were accordingly bled to 
death at various rates, and an examination made of the constancy of volume 
withdrawal required to produce death after pressure had been lowered to 60, 
50, and 40 mm. Hg. The data for three rates of bleeding are summarized in 
table 2. Bleeding volume is divided in the table into: H,,, the volume required 
to lower pressure to the level chosen as trial end-point; and H,., the volume 
required to produce death after this level had been passed. Since pressure 
may continue to fall after a 2 ec./kgm. unit withdrawal is complete, the volumes 
given in the table are the volumes required to lower pressure below the trial 
pressure level. The table does not inelude animals whose pressure was reduced 
below 60 mm. by withdrawal of less than 12 cc. kgm. They do not appear 
to be suitable for studies on blood substitutes for reasons which are considered 
in a subsequent section of this report, and are excluded from all summaries of 
data except tables 1 and 5. Comparison of the data on the 3-minute rate in 
the case of those animals which appear in both table 1 and table 2 shows that 
the 60 mm. end-point usually lies just above the beginning of the plateau, while 
the 50 mm. end-point is in some cases above, in other cases below this level. 

The accuracy with which the first bleeding volume could be obtained by 
withdrawing blood to any of these pressure end-points and extrapolating for the 


residual volume, appears from the data of table 2 to decrease as the rate of 
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bleeding increases. The percentage error would be greatest when minimum 
values for H;, (actual volume drawn) happened to coincide with maximum 
deviations of H,, (residual volume) from its mean. If 60 mm. Hg is used as the 
level for terminating the actual withdrawal (it appears from table 2 to be the 
most reliable pressure end-point for most of the rates); if minimum H,, volumes 
are 12 cc./kgm., and if 2 s.d. be taken as the greatest deviation from the mean 


TABLE 2 
The volume of Hig and H,, obtained at various levels of arterial pressure 
All volumes as ec./kgm. Only mean values with standard deviation and standard error 
are given, except for first group. See text for explanation of symbols. 


VOLUME Hi,, MEASURED FROM 


VOLU WHEN END- NT IS: 
YLUME Hig WHEN END-POINT IS END-POINT 


DOG NO. RATE HEM. 


60 mm. Hg | 50 mm. Hg 40mm. Hg 60mm.Hg 50mm.Hg 40 mm. Hg 


./3 min, 14 j 20 18 16 12 
/3min, | 18 | 2 26 18 14 10 
/3min. | 14 20 20 18 14 
./3 min. 26 | 2 30 14 12 10 
3 min. 22 | 2 24 20 20 18 
./3 min. 22 by | 28 22 18 16 

m./3 min. | 14 20 18 18 12 
./3 min. | 20 20 12 12 12 
/3min. | 18 22 20 16 
./3 min. | 20 : | 36 22 18 

/3min. | 14 14 12 


9 
9 
2 
9 
9 
9 
9 
2 
9 
9 


18.36 | 36 16. 
...| | 4.65 | 
S.E... | 1.20 | 87 | .06 0.9 


NO. DOGS | 


2 ec./kgm./2 min. 


value of H,., the error will not in any case exceed 17 per cent for the 4-minute 
rate, 23 per cent for the 3-minute rate, and 32 per cent for the 2-minute rate. 

The unavoidable change in bleeding volume following the first measurement. 
Table 3 summarizes the results obtained when the blood drawn for H,, measure- 
ment was reinjected as soon as the end-point was reached. The estimated 
residual volumes at the end-point for the first bleeding are the H,, values of 
table 2. The second bleeding volumes (H.) were measured about 4 hours after 
completing the replacement of blood, and were obtained by bleeding the animals 


1 ce. /kg 
2 ce. kg 
3 ce./kg 
- 4 ec. /kg 
5 cc./kg 
6 ee./kg 
7 ec./kg 
ec./kg 
9 ee./kg 
10 ec./kg 
11 = cc./kg 
12.36 
3.45 
1.04 
7 | 21.71 | (23.14 | 25.14 | 16.57 | 15.14 | 13.14 
| 3.09 2.98 | 3.10 1.72 1.78 1.89 
7 | 2ee./kgm./4 min, | 18.57 | 20.86 | 22.0 | 10.57 | 8.29 | 7.14 
1.44 | 1.74 0.72 1.19 0.96 
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completely to death, always at the rate used for the first measurement. The 
H::H;, ratios obtained, where H, is taken as the sum of H,, and H,., have been 
multiplied by 100 for the table to show the percentage change in bleeding volume 
under these conditions. 

The variations in H,:H; appear from the table to become increasingly large 
as slower rates of bleeding are used for the measurements. Since theaccuracy 
in estimating H;, increases as slower rates are used (see table 2), these variations 
can hardly be attributable entirely to the error in computing H;. For the 
2-minute rate, the variations are almost exactly those to be expected from the 


TABLE 3 


2 
— X 100 when the blood drawn for measurement of Hig is heparinized and reinjected as soon 


as the measurement is complete 
H,-H: interval approximately 4 hours. All volumes in ce./kgm. H),, values obtained 
from table 2. See text for explanation of symbols. 


NO. END-PT. VOLUME VOLUME VOLUME He 
ANIMALS | Hia Hie He 


2 ec./kgm./2 min. | 22. 31.0 87.4 


~ 


6.27 


1.98 


2 ce./kgm./3 min. 26.25 


2 ec./kgm./3 min. 


*+ 4 cc./kgm. 


error in H;, but for both the slower rates the scatter in H.:H; is much too great 
to be accounted for in this way. Since the values for H.:H; decrease as well 
as scatter when the slower rates are used, it is tempting to suppose that the 
slower rates introduce additional variables in the form of some sort of irreversible 
cardiovascular damage. Neither the mean ratio nor the magnitude of its 
variations was significantly altered, however, when bleeding at the 3-minute 
rate was continued until an extra 4 ec./kgm. had been drawn, before replace- 
ment (table 3). 

The extent of spontaneous recovery when the blood drawn for the first measurement 


10 | 
8 73.6 
10 | Po 60* | 23.0 14.18 | 26.2 | 69.9 
5 2 cc./kgm./4 min. | 60 | 17.2 | 10.57 | 20.0 70.6 
j 
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is not replaced. If changes in bleeding volume are to be used empirically for 
the evaluation of blood substitutes, it is obviously important to show that low 
second volumes are obtained when no replacement is made after withdrawal 
for the first measurement. The experiments of table 3 were accordingly re- 
peated without any replacement after the H;, volumes had been withdrawn. 
Studies of this sort were not done for the 4-minute rate, since the variationsin 
H,:H, obtained with it in the foregoing appeared to be too large for the present 
purposes. The data are given in table 4. Of the 30 animals listed in the table, 
only 11 survived the 4-hour interval. Only 3 of these had bleeding volumes 
at the end of 4 hours which were larger than the residual volumes estimated 


TABLE 4 


H xX 100 when no replacement is made after withdrawing Hye 
1 


H,-H: interval approximately 4 hours. All volumes in cc./kgm. H,, values obtained 
from table 2. Symbols as in table 3. 


NO. ND-PT. H 
. RATE HEM. VOLUM VOLUME VOLUME 2 


ANIMALS Hia Hie H2 Hi 


2 ec./kgm./2 min. 20.‘ 13.14 


*4 4 ec./kgm. 


for them on completing the first bleeding. In none of these did the second 
volume exceed the value taken for H,, by more than 0.5 s.d. 

It is apparent from these data that if a spontaneous rise in bleeding volume 
above its residual value occurs after withdrawal of H,., it does not persist for 
4hours. It would appear, therefore, that any value for He in excess of the value 
for Hy, may under these experimental conditions be attributed to the type of 
treatment given after withdrawal of H,,. 

The behavior of animals with small control bleeding volumes. Six animals 
appear in table 1 whose arterial pressure was reduced to the terminal plateau 
on withdrawal of less than 12 cc./kgm. Plateau volumes are somewhat less for 
them (average 14.33 cc./kgm.) than for the rest of the animals (16.36 ec./kgm.), 
but are within the limits of variation for the latter. It has become apparent 
in the course of these studies that animals with very small bleeding volumes 


mm. Ilg 
10 1.8 15.2 
S.E... 1.01 2.13 6.75 
10 2 ee./kgm./3 min. 60 22.8 18.18 7.2 19.6 
S.E... 2.67 2.60 6.72 
10 2 ec./kgm./3 min. 60* 25.6 14.18 2.6 6.2 
, 5.32 5.48 13.12 
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above the plateau constitute a special group. H.:H; ratios obtained for them 
in experiments with reinjected blood and with other fluids are often beyond 
the limits of variation for the rest of the animals (Lawson and Rehm, loc. cit.). 
Illustrative data are given in table 5, for replacement with blood. The limits 
of variation for the other animals in the respective groups are estimated in the 
table as the mean values found in table 3 plus and minus 2 s.d. 

It may be supposed that occasional animals in this group have had arterial 
pressure lowered to the end-point selected for H; measurement by other mecha- 
nisms than simple blood withdrawal. Their residual bleeding volumes at the 
end of Hi, withdrawal would probably be excessively large, and they might 
be expected to vield excessively high H.:H; ratios. It may be further supposed 
that the rest of them are in a state of unusually rapid deterioration. For the 
present purposes, both types appear to be excluded by confining the studies to 
animals who require at least 12 ec./kgm. blood withdrawal to lower pressure 
to 60 mm. on the first bleeding volume determination. After the animals with 


TABLE 5 
Individual H,:H, ratios obtained in autotransfusion experiments on 4 animals whose arterial 
pressure was lowered to 60 mm. Hg by withdrawal of less than 12 ce./kgm. on H, 
measurement 


VOL. LOSS AT 1 MEAN RATIO FOR 
ESS. BATS Hig END-POINT 60 mm. Hg on Hi A GROUP +2 S.D. 


mm. He cc./kem. 
2 cc./2 min. 40 4 101.7-73.1 
2 ce./3 min. 60 6 101.2-46.0 
2 ce./3 min. 60* 6 4 93 .0-46.8 
ec./4 min. 60 6 130.7-10.5 


*+ 4 ec./kgm. 


H,;,. volumes smaller than this have been excluded, the H.:H, ratios obtained 
do not appear to be related to the control bleeding volumes (Lawson and Rehm, 
loc. cit.). In these studies about one-sixth of the animals have been discarded 
because of small H,, volumes. This includes animals who died before the first 
bleeding volume measurement could be made. A total of 4 animals in addition 
(about 1 per cent) have been excluded because the first bleeding record suggested 
that the terminal plateau had been invaded by 6 ecc./kgm. or more in lowering 
pressure to 60 mm. In 3 of these animals aberrant low H.:H, ratios were ob- 
tained. Lesser invasion of the terminal plateau appears from the records to 
have occurred in a number of instances without significantly affecting the 
value of He: Hy. 

Discussion. These data show that control measurements of bleeding volume 
may be made under certain conditions without producing unpredictable per- 
sistent changes in the value of a subsequent measurement. The factors which 
govern resistance to fatal hemorrhage thus appear to be susceptible to laboratory 
investigation, since the change in resistance under a given set of conditions 
may be studied in a single animal. 
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The primary purpose in these studies was not the measurement of absolute 
values for bleeding volume in normal animals. Such a purpose would have been 
defeated by the use of anesthesia and by the use of a preparatory fixed-volume 
bleeding with undetermined amounts of cardiovascular damage. The studies 
were designed to find conditions under which the change in bleeding volume 
between the first and the second measurement is a function of the circulating 
fluid replacement made at the end of the first. The data given here do not prove 
that these conditions have been found, since they test only the two extremes 
of replacement, no infusion and infusion of all the blood drawn for the first 
measurement. Data are given elsewhere (Lawson and Rehm, loc. cit.) which 
show that the amount of change in bleeding volume between first and second 
measurement depends upon the type of fluid given in replacement. 

Economy of expression in subsequent discussions of bleeding volume may 
be served by use of the following symbols: 


H, = Control bleeding volume. It is measured at a stated, controlled rate of bleeding 
in animals prepared under standard conditions. It is obtained by drawing blood 
to a stated level of circulatory impairment (in these studies a level of arterial 
pressure near the beginning of the terminal plateau) and is equal to the sum of 
the actual volume drawn in reaching this end-point (H,.) plus the residual 
volume (H;,.). The residual volume is obtained from control animals by con- 
tinuing the first bleeding past the stated end-point to death. In the studies 
reported here for the value of H,., an attempt has been made to obtain a fair 
sample of the animals to be used, with respect to size, sex, and H;, values. Sea- 
sonal and nutritional influences on the value of H;. have not been studied. 

R = Fluid given after Hi. has been drawn. 

Hz = Second bleeding volume. Unless otherwise stated, it is always measured by draw- 
ing blood at the rate used for H,; measurement, and is continued without interrup- 
tion to the death of the animal. If it is to be estimated from a partial bleeding 
volume, as in the case of H,, studies will have to be made on the reliability of 
end-point. 

H,-H:; Interval = The interval between arrival at the end-point for H, measurement 
(in these studies R was infused at this time), and the beginning of H. measure- 
ment. 


It is not surprising that bleeding volume declines during the period of observa- 
tion in these studies with all the rates of bleeding used, so that H»:H, is almost 
always less than 1, even when R is the blood drawn for Hi, measurement. The 
animals had been kept without food and water for 18 to 24 hours, were under 
barbital anesthesia, and had been subjected to a preparatory hemorrhage of 20 
ec./kgm. before beginning the studies. Damage to the cardiovascular system 
which would result in irretrievable fluid loss or to impairment of vital organs 
might be expected to occur under these conditions, and to result in progressive 
decline in bleeding volume even though the partial exsanguination required for 
H, measurement did not in itself do any irreversible damage. That the measured 
decline is in some way related to the rate of bleeding used in the determinations 
seems clear from the data. Whether this means that more irreversible damage 
is done by the slower hemorrhages when they are used for drawing Hya, as it 
might appear to mean, cannot be decided without further study. It may mean 
only that different mechanisms control the volumes obtained with slow and 
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with fast bleeding, and that the rate of deterioration of these mechanisms 
is not identical. 

The 2 ec./kgm./3 min. rate of bleeding has been selected on the basis of these 
data for use in the studies on blood substitutes. It is a convenient rate to use. 
The mechanisms which govern the volume obtained with it appear to undergo 
fairly rapid deterioration under these experimental conditions, since H; is only 
about 70 per cent of H,; after an H,—H: interval of 4 hours, when R is the blood 
drawn for Hi, measurement. The rate of deterioration appears to be relatively 
constant for all animals. Low values for H2, with average H2:H; ratios ap- 
proaching 0, are obtained if R is 0. 


SUMMARY 


Procedures are described which permit bleeding volume, i.e., the volume with- 
drawal at controlled rates required to produce death, to be measured with usable 
accuracy without actually killing the animal. The residual volume, which 
is not drawn on the first measurement, is estimated with increasing accuracy 
as the rate of bleeding is reduced from 2 cc./kgm./2 min. to 2 cc./kgm./4 min. 
Second bleeding volumes, measured 4 hours after replacing the blood drawn 
on the first test, and obtained by withdrawing blood at the same rate until the 
animal dies, were almost always somewhat lower than the controls under the 
experimental conditions described. Second bleeding volumes were in the 
neighborhood of 90 per cent of the controls when the 2 cc./kgm./2 min. rate 
was used, and in the neighborhood of 70 per cent when the 2 cc./kgm./3 min. 
rate was used. When the blood drawn for the control measurements was not 
replaced, second volumes 4 hours later were never significantly larger than 
the residual volumes estimated at the termination of the control tests, and 
were usually considerably smaller, with average values approaching 0. 
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Procedures have been described which permit bleeding volume, i.e., the 
volume of blood withdrawal required at controlled rates to produce death, to 
be measured twice in the same animal; and conditions have been found which 
yield relatively low second volumes when the blood drawn for the first test is not 
replaced (Lawson, 1943). An empirical comparison of blood substitutes may 
be made by substituting the fluid under investigation for the blood drawn in 
the first measurement, and comparing the H.:H; ratios obtained. 

The procedures selected for these studies yield second bleeding volumes 
somewhat lower than the controls at the end of 4 hours, if the blood drawn 
during the first test is heparinized and reinjected. The obvious conclusion 
has been drawn that some mechanism or mechanisms which govern resistance 
to fatal hemorrhage undergo deterioration under the conditions of the experi- 
ments. The H2:H;, ratios obtained when R (fluid replacement at end of blood 
withdrawal for first test) is some fluid other than blood cannot be used with 
assurance to show the influence of the substitute fluid on these same mechanisms. 
Bleeding volume is an empirical value which is probably influenced by a large 
number of physiological variables. Thus, if a foreign fluid yields higher = 

1 
ratios than are obtained when R is the blood drawn, it cannot be concluded 
that the fluid is actually superior to blood in its direct effect on all the mecha- 
nisms which govern bleeding volume. The rate of deterioration of some of 
these may actually be greater when the substitute is used. Similar difficulties 
of interpretation are encountered if other empirical values, such as mortality 
rates, are measured after limited intervals of time. These difficulties are not 
obviated by measuring conventional values, such as blood volume, cardiac 
output, or circulatory pressures, since none of them can be regarded as testing 
an isolated mechanism. 

The information obtained by comparing the _ ratios appears to provide 

1 
as legitimate a comparison of blood substitutes as could be obtained by subject- 
ing animals to hemorrhage which would be expected to cause death, injecting 
the fluid under investigation, and determining the percentage of the group which 
is still alive at the end of a few hours (Ivy, Greengard, Stein, Grodins and 
Dutton, 1943; Wiggers, 1943). Since a measured value is obtained for each 
animal, statistically reliable data are obtained with fewer animals than in 


1 Aided by a grant from the Knox Gelatine Company, Johnstown, N.Y. 
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survival rate studies which determine only whether an animal is alive or dead 
at the end of a fixed time interval. Furthermore, if the fluids are to be given 
to subjects who lose circulating fluid after the injection those fluids which yield 
the larger bleeding volumes in these tests might reasonably be expected to 
support life longer than those which yield small bleeding volumes. This would 
not necessarily be true if, under conditions of clinical use, types of circulatory 
damage are encountered which are aggravated by the fluids, and which are not 
produced in the animals used for the tests. In these studies any simulation 
of clinical states in which blood substitutes might be employed is incidental. 

Metuops. The procedure already described in detail (Lawson, loc. cit.) 
was carried out on barbitalized dogs without modification except that the 
fluid under investigation was substituted for autotransfused blood in the replace- 
ment (R) following the first bleeding volume measurement. The volume of R 
was always equal to the volume of blood actually drawn during the first measure- 
ment (H;,.). Blood withdrawal for both H; and H, determination was done 
at the rate of 2 cc./kgm./3 min. On H, determination actual blood withdrawal 
was discontinued as soon as arterial pressure fell below 60 mm. Hg. The 
residual bleeding volume at this time (H;.) was taken from the previously re- 
ported control studies as 18.18 cc./kgm., and H; was computed as the sum of 
H,, and H;.. The H,—H;: interval was approximately 4 hours. Measurement of 
H, was made by bleeding the animal actually to death. 

The blood, plasma and serum used in these studies were obtained by bleeding 
donor dogs to death under barbital anesthesia, pooling the freshly drawn blood 
from 5 to 8 donors before further processing. These fluids were chilled as 
soon as possible (serum and defibrinated blood as soon as clotting was complete) 
and refrigerated until used. They were used within 8 hours after obtaining 
the blood from the donors. 

The two gelatins selected for study are oppositely charged colloids at the 
pH of blood.* Gelatin VII-54 is prepared from pork skin, and has an isoelectric 
point in the neighborhood of pH 8. A physically similar pork skin gelatin 
was studied bt Ivy et al. (loc. cit.) under the designation U-17578. Gelatin 
B-78-1 is prepared from beef bone, and has an isoelectric point near pH 5. Its 
use as a blood substitute has been studied by Parkins and Lockwood, 1943; 
Little and Wells, 1943, and Little and Dameron, 1943. A similar gelatin was 
used in the preliminary studies of Gordon, Hoge and Lawson, 1942. The gelatins 
were dissolved in 0.9 per cent NaCl to a concentration of 3.45 per cent for 
B-78-1 and a concentration of 4.85 per cent for VII-54, and pH was adjusted to 
7.0-7.3 by addition of N/10 NaOH. At these concentrations the solutions had 
a colloidal osmotic pressure of 22.5 mm. Hg, which was approximately the 
same as that of the hematogenous fluids used in the study. Colloidal osmotic 
pressures were measured at 37°C. by a modification of the method described 
by Hepp (1936), using tight membranes with an average permeability equal 
to 11.2 X 10-* in the units recommended by Wells (1932). 

Resvutts. The data obtained are summarized in table 1, which also includes, 


2 All supplies of gelatin were furnished by the Knox Gelatine Company, Johnstown, N.Y. 
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TABLE 1 
H, 
i, X 100 with different types of replacement fluid 
1 
H,-H:z interval 4 hours. Values given are the means, with their standard deviations 
(S.D.) and standard errors (S.E.). See text for explanation of symbols in headings 
NUMBE 
REPLACEMENT FLUID (R) VOL. = VOL. Hig oe Hie Hi, Hz H, K 100 
cc./kem 
0 10 22.8 18.18 7.2 19.6 
S.D. | 8.22 21.36 
S.E. 2.67 2.60 6.72 
Autotransfused blood. ........... 8 17.75 18.18 26.25 73.6 
S.D. 3.77 5.26 13.82 
S.E 1.99 5.2 
0.9% NaCl 10 21.6 18.18 14.8 37.6 
S.D. | 4.81 } 7.73 18.07 
S.E. 1.52 | 2.44 5.69 
Heparinized blood . 10 20.6 18.18 27.2 70.7 
S.D. 5.09 | 13.57 
S.E. 1.33 | 1.58 4.30 
Defibrinated blood s | 2.0 | 18.18 | 26.8 62.8 
| 
H Heparinized plasma..... 10 | 19.4 18.18 25.8 68.1 
S.D.. 4.52 5.99 9.87 
| S.E. . 1.43 | 1.90 | $8.12 
- 
9 16.4 | 18.18 | 24.4 70.5 
4 S.D. 7.06 | 6.98 16.28 
2.49 | | 2.47 5.76 
Gelatin VII-54, 4.85%. ......... 8 23.0 18.18 | 25.3 60.5 
) 8.48 | 9.55 16.03 
l | $.00 | 3.38 5.67 
Gelatin B-78-1, 3.45%. .... 7 | 16.3 ; 18.18 21.1 61.1 
? for comparison, previously reported data obtained when R is the blood drawn 


for H;, measurement, and when R is 0 (no infusion). 
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The probability that random sampling variations account for the differences 
in i; obtained when R is 0.9 per cent NaCl and when R is 0 is approximately 
0.06. The probability that the observed differences between 0.9 per cent NaCl 
and the remaining fluids are due to variations of this sort is in every case less 
than 0.02 (Fisher, 1941). Attempts were made to obtain fair samples by 
avoiding any selection of animals within the limits previously described, the 
animals being used in whatever studies were in progress as they were delivered 
to the laboratory. The possibility of seasonal variations in the value of Hi. 
has been suggested by more recent observations, and has not been fully ex- 
plored. All the comparative data reported here were obtained within a single 
season, and determination of H;. was done concurrently. 

No statistically significant differences are observed in the table among the 
various colloidal solutions employed. The suggestively low values obtained 
with defibrinated blood require further study in view of the possibility that 
partially hemolyzed blood may be inferior as an infusion fluid (DeGowin, 1942). 

Temporary depressor effects were usually obtained with pooled blood, plasma, 
and serum, but not with autotransfused blood. Neither the data of the table, 
nor examination of individual responses reveals any correlation between these 
effects and the = ratios obtained. 

1 
Although the two gelatin solutions yield about the same mean value, much 


lower values for - were obtained in some of the animals receiving VII-54 than 
1 


were ever observed with B-78-1 (see s.d. in table). Whether this means that 
VII-54 has positive harmful effects in occasional animals, or simply that it 
fails to be retained as circulating colloid, cannot be decided without further 
study. The differences shown in the table between the gelatin solutions on the 
one hand and heparinized blood, plasma, and serum, on the other, are in general 
agreement with comparative data which have been obtained on one of them 
(VII-54) in the’ treatment of animals subjected to single massive hemorrhage, 
using 24-hour survival rates as an index to adequacy of blood substitution 
(Ivy et al., loc. cit.). 

The relationship between and the volume of Hia. It has already been shown 

1 

that the magnitude of the ratio (i.e., the rate of decline in bleeding volume 
during the 4-hour H,—H: interval) is not related to the control bleeding volume, 
if the latter is such that H,, is 12 cc./kgm. or greater, in experiments in which R 
is the animal’s own blood (Lawson, loc. cit.). It cannot be assumed, however, 
that this will also be true when R is a foreign fluid. The volume of fluid which 
each animal received is always, in the studies reported here, equal to the volume 
of Hi,. If the fluids given are toxic in the customary sense, the animals with the 
larger H,, volumes and who receive correspondingly larger volumes of the fluids 


might be expected to yield the lower = ratios. These relationships are examined 
1 


i 
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in figure 1 for the two gelatin solutions and for defibrinated blood, which might 
be regarded as most likely, of all the fluids studied, to possess some sort of 
harmful effect. The figure fails to show any relationship between the volume 


of H,,, and therefore the volume of R, and = Similar data have been ob- 
1 


tained for the other fluids studied. 

These data are not presented to show that harmful effects are absent, but 
simply that within the very limited dosage range covered by variations in the 
volume of R when the latter is made equal always to H,,, the effects do not 


appear to influence the value of , . Comparisons such as those given in table 1 
1 


Oo 4 8 2 6 20 24 28 32 36 40 
VOLUME CC/KG 


H 
Fig. 1. Relationship between = and the volume of R when R is equal to His, in experi- 
1 


ments on defibrinated blood (pooled), gelatin VII-54, 4.85 per cent in 0.9 per cent NaCl, and 
gelatin B-78-1, 3.45 per cent in 0.9 per cent NaCl. 


are therefore valid, for all the fluids studied, even though identity of H,, is not 
obtained with these small groups of animals. 

The 3 animals shown in figure 1 whose H;, volumes were less than 12 ec./kgm. 
demonstrate the wide variations in ie obtained when such animals are used, 
which were discussed in the previous report. Animals of this sort are not 
included in any other summaries of data in this report. 

The value of various grades of gelatin. A series of increasingly degraded 
gelatins was prepared from a single high average mol. wt. gelatin, by exposing 
stock solutions of the latter to temperatures of 115.5°C. (10 lbs. autoclave 
pressure) for increasing lengths of time up to 3 hours. The stock solutions 
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were made from gelatin B-78-1, or from a duplicate manufacturer’s batch. pH 
was adjusted to 7.4 before autoclaving, the pH range of the solutions after 
autoclaving being 6.9 to 7.3. 

The data on this series are summarized in figure 2, in which the gelatin con- 
centration of the prepared solutions was adjusted to 3.45 grams/100 ec. before 
use. It is apparent from the figure that complex changes occur in the value 


30 60 90 120 150 180 30 60 90 120 150 
MINUTES AT 115.5°C MINUTES AT C 


Fig. 2 Fig. 3 
Fig. 2. The effect of heat treatment (115.5°C.) on the value of 3.45 per cent solutions of 


H, 
gelatin B-78-1 in 0.9 per cent NaCl, as shown from the values obtained for — when R is the 
1 


heat treated solution. Mean values for the animals receiving a solution are given by the 
large hollow circles, and are connected to facilitate reading the figure. Small hollow circles 
on the lower curve give colloidal osmotic pressure (at right) in millimeters of mercury. 

Fig. 3. Same as figure 2 except that the concentration of all solutions was adjusted to 
give colloidal osmotic pressure = 33.5mm.Hg. The gelatin concentration of the solutions, 
in grams/100 cc., is given at the top of the figure. The group of animals receiving the 
80-minute solution is the same as in figure 2. 


of gelatin, as measured by its effect on bleeding volume, when the high molecular 
weight gelatin is subjected to degradation. 

The possibility that some of these changes in value are due to the fact that 
colloidal osmotic pressure increases progressively in the series (see fig. 2) was 
investigated by repeating the study with solutions whose gelatin concentration 
had been adjusted to iso-osmolarity; 33.5 mm. Hg was chosen as the level of 
colloidal osmotic pressure to be used for this purpose, since the scatter in the 
data appeared to be least at this level (fig. 2). Data on the iso-osmolar series 
are summarized in figure 3, which also shows the concentration, in grams/100 cc., 
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of each solution. None of the characteristics of the first series appears to 
have been significantly altered by adjustment of concentration to this level of 
colloidal osmotic pressure. 

Discussion. The data given here supplement those given in the previous 
report by showing that the change in bleeding volume under these experimental 
conditions is a function of the nature of the replacement fluid R. The second 
bleeding volume is evidently not simply a measure of the volume of water which 
has been given to the animal after the first measurement. The significant 


differences in iL when R is a colloidal solution and when it is ecrystalloidal 
1 


(NaCl) warrant the tentative conclusion that colloid is a limiting factor for 
bleeding volume in animals bled to these levels and given replacement fluids. 

Comparison of the data obtained with cell-free and with cellular fluids prepared 
from blood suggests that the blood cells are not a limiting factor in animals who 
have lost blood in these volumes (20 cc./kgm. on preparatory bleeding, plus the 
volume of H,,). Studies which are now in progress suggest that they may 
become a factor if the end-point for the first measurement is lowered. 

That the type of colloid used is important for the second bleeding volume is 
shown by comparing the data on the hematogenous fluids with the data on 
gelatin, and by examination of the values obtained with different grades of 
gelatin in iso-osmolar solution. The low values obtained with the more fully 
degraded gelatins may be due to their diffusibility. The reason for the other 
changes in value in the degraded series is obscure. 

These studies fail to reveal any difference in the effectiveness of plasma and 
serum such as has been reported when they are used to maintain life for 24 
hours in animals subjected to single rapid hemorrhage (Ivy et al., loc. cit.). 
On the basis of the information available, it is not possible to decide whether 
real differences exist which do not reveal themselves within the 4-hour period 
of our studies, or whether the reported differences were due to methods of 
preparation of the fluids. 


SUMMARY 


The change in bleeding volume under conditions which have been described 
previously has been used for comparing certain fluids as blood substitutes. 


Comparisons were made on the basis of the — ratios obtained when these 


Hy 

fluids were used to replace the blood drawn on the first bleeding volume determi- 
nation. The mean percentage ratios obtained in groups of 7-10 animals, with 
their standard errors, were: No fluid, 19.6 + 6.72; autotransfused blood, 
73.6 + 5.23; pooled heparinized blood, 70.7 + 4.30; pooled heparinized plasma, 
68.1 + 3.12; pooled defibrinated blood, 62.8 + 5.18; pooled serum, 70.5 + 5.75; 
0.9 per cent NaCl, 37.6 + 5.69; 4.85 per cent pork skin gelatin in 0.9 per cent 
NaCl, 60.5 + 5.67; 3.45 per cent beef-bone gelatin in 0.9 per cent NaCl, 
61.1 + 2.96. 

The value of the bone gelatin undergoes complex changes with heat-degrada- 
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tion at a temperature of 115.5°C., which are observed both when fixed con- 
centrations are used and when the solutions are adjusted to iso-osmolarity. 
Peak values were obtained with the partially degraded materials. 

It is concluded that bleeding volume under these experimental conditions 
is a function of the amount and type of colloid in the replacement fluid, and that 
the cellular content of the replacement fluid is not a limiting factor. 
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In contrast to the extensive work on the réle of sodium chloride in the patho- 
genesis and treatment of heat cramps (1), the relationship of the NaCl intake 
to heat exhaustion and cardiovascular function of men working in heat has re- 
ceived only incidental attention (2,3). This communication will deal with the 
effects of work in the heat on cardiovascular and related functions and the in- 
cidence of heat exhaustion. Thirty-four normal young men lived and worked 
at high temperatures under rigidly controlled conditions on three different levels 
of NaClintake. Reference will also be made to 15 additional subjects who were 
studied during 92 subject days. The variables measured were pulse rates in 
rest and work, rectal temperature, rate of sweating, cardiovascular postural 
adjustment tests, the concentration of chloride in sweat, plasma and urine, 
blood urea nitrogen and in some cases the refractive index increment of the 
plasma. 

METHODS AND MATERIALS. Details of the regimen under which the subjects 
ate, slept and worked in a controlled temperature suite have been given in a 
previous report (4). In brief, control observations were obtained when the dry 
bulb temperature was 80°F. and the wet bulb 65°F. Hot conditions were repre- 
sented by a dry bulb temperature of 120°F. and wet bulb 85°F. Night con 
ditions, 6 p.m. to 8 a.m., during the hot period were 85° to 95°F. dry bulb, 65° 
to 75°F. wet bulb. Approximately an hour and a half was required for a com- 
plete change in temperature. In all experiments, work consisted of walking on a 
motor driven treadmill at 3.25 miles per hour at 7.5 per cent grade for 6 ten- 
minute periods alternating with 10 minute rest periods for each half day. 
‘“‘Work’”’ pulse rates were obtained by counting the pulse for the first 15 seconds 
after each work period. Rectal temperatures were taken each half day at the 
end of the third and sixth work periods. Rate of sweating was measured over 
the third period in the morning and the sixth period in the afternoon. Subjects 
were weighed nude and dry to +7 grams. Modified Crampton (4, 5) blood 
ptosis tests were carried out before breakfast and 20 minutes after the end of 
work in the afternoon. In all experiments records were kept of water and fluids 


1 The work described in this paper was done in part under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Minnesota. Important financial assistance was also provided 
by the Nutrition Foundation, Inc., by Swift and Co., Chicago, by the National Sugar 
Refiners’ Association, N. Y., by the National Confectioners’ Association, Chicago, and by 
the Corn Products Research Foundation, N. Y. 
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consumed and 24-hour urine samples were collected each day. Body weights, 
with an empty bladder, were obtained and venous blood was drawn each morn- 
ing before breakfast. Electrocardiograms were taken on subjects who were on 
the low NaCl intake during the control period, at the end of the experiment and 
on all subjects who had marked heat exhaustion. Arm-plus-hand sweat was 
collected in shoulder-length “neoprene” gauntlets during the second and third 
work periods each morning and afternoon. 

Three series of experiments were carried out. The subjects in series I were 
22 soldiers of the 710th M.P. Battalion. Ten of these men were studied on a 
low NaCl intake (5.8 + 2 grams) and 12 were studied on a moderate (14.7 
+ 2 grams) intake. The duration of the hot period was 3} days preceded by a 
control period of 24 hours. In series II, six hired male students of the Uni- 
versity Were studied during 2 hot periods of 2 days each 3 weeks apart. In each 
period half of the men were on the low and half on the moderate NaCl regimen, 
the order being reversed in the second experiment. In this way each subject 
served as his own control. Series III was similar except 6 University subjects 
alternated on the high (30 + 2 grams) and the moderate NaCl intakes. Each 
hot period in series II and III was preceded by a 2-day control period. 

All subjects received a standard diet which contained, by daily analysis, 5.8 + 2 
grams of NaCl. This diet supplied 3100 calories and was adequate, according 
to ordinary standards, in protein and vitamins. The moderate and high NaCl 
intakes were achieved by giving in addition 8 and 24 grams of NaCl respectively 
with the meals. Water was allowed ad lib. except during actual observations 
and work on the treadmill. 

Chlorides were estimated by the mercurimetric titration of Cavett and Hold- 
ridge (6) and the method of Keys (7). Food and urine were ashed before anal- 
ysis. Sweat was analyzed directly. The concentration of plasma chlorides 
was determined on plasma separated from oxygenated blood. Urea analyses 
were carried out by a modified Folin-Svedburg method. Total solids (8) of the 
plasma were estimated with a Pulfrich dipping refractometer in a constant tem- 
perature water bath at 30°C. 

The statistical significance of differences between means of physiological data 
was evaluated by means of the t-value (9). 

Results in work. The average work pulse rates and rectal temperatures for 
series I are given in table 1. Statistically significant differences between the 
two groups for work pulse rates demonstrated a definite advantage for the sub- 
jects on the moderate NaClintake. The rectal temperature differences, although 
not statistically significant, favor the moderate NaCl group. Results of series 
II are given in table 2A. The average results show the same advantage for sub- 
jects on the moderate NaCl intake. 

The results of series III are given in table 2B. No significant differences were 
found between the work pulse or rectal temperature of six subjects consuming 
15 grams of NaCl and the same men consuming 30 grams of NaCl a day. 

Cardiovascular results in rest. The average values for pulse rates and blood 
pressures before and after elevation on the tilt table morning and evening are 
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This table does not 
include those men who failed to complete the day’s work or who fainted before 
observations could be completed. 
groups (subject tilted) appeared on the afternoon of the first day in the heat. 
This difference became significant on the second afternoon and was still apparent 


given in table 3 along with the average Crampton scores. 


Differences in the pulse rates of the two 


on the third afternoon. The only significant difference in the blood pressures 
appeared on the afternoon of the second day in the heat (subject tilted). 

The moderate NaCl group showed an advantage over the low NaCl group by 
making a statistically significant improvement in Crampton score between the 
afternoon of the first day and the afternoon of the second day of the hot period: 
while, in contrast, the low NaCl group failed to show any improvement. The 


TABLE 1 
The average work pulse rates and rectal temperatures for 10 men on the low sodium chloride 
(6 + 2 grams) intake and for 12 men on the moderate sodium chlorid¢ 
with the t values of the differences between groups 


15 + 2 grams 


The 1 per cent level of significance is 2.84 


DAYS OF HOT PERIOD 


CONTROL | 1 2 3 


| a.m. | p.m. a.m. p.m. a.m. p.m a.m 
Work pulse rates! 
Low NaCl 131 158 |. 174 | 159 165 157 158 154 
Moderate 
Wacl ......| 188 148 | 157 144 148 139 143 130 
2 -10 | -17 —15 —17 —18 —15 24 
1.69) 2.99 3.80 


3.04 4.00 3.64 


Rectal tempera-| 


ture 
Low NaCl....| 100.6) 100.5 | 101.2, 101.1) 101.5 | 101.3 | 101.6 100.9 
Moderate 

NaCl. 100.3 100.7 101.2 100.7 101.1 100.7 101.1 100.3 
| —0.3 +0.2 | 0 —0.4 —0.4 —0.6 —0.5 —0.6 
t value........| | 0.398 


0.659 


0.413 


significance of differences between the means is given in terms of the t-value in 
table 4. 

Water balance. The water consumption, body weights, urine volumes, total 
24-hour sweat volumes and rate of sweating during work are presented in table 
5 for the two groups in series I. The men on the low NaCl intake lost more than 
twice as much weight, drank less water and sweated less than those on the mod- 
erate chloride intake. The two groups produced sweat at approximately the 
same rate on the first day. However, the low NaCl group failed to drink an 
adequate amount of water and ended the first 24 hours with a dehydration of 
2.5 per cent of the body weight as compared to only 0.77 per cent body weight 
loss for the moderate chloride group. This was associated with a marked net 
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loss of NaCl (—8.39 grams) in the low NaCl group (see below) and only a slight 
net loss (0.53 grams) for the moderate group. The failure of the thirst mech- 
anism in the low NaCl group to demand adequate water is in agreement with 
other observations (10, 11). 

On the second and third days the rate of sweating and the 24-hour sweat pro- 
duction fell off markedly in the low NaCl group and showed no significant change 


TABLE 2A 
Average pulse rates and rectal temperatures for 6 men in series II studied in two periods 
of two days each in the heat while on low and moderate NaCl intakes 


| DAYS OF HOT PERIOD 


CONTROL 


Work pulse rates 
Low NaCl (6 + 2 grams). 
Moderate NaCl (15 + 2 grams)..... | 


Rectal temperatures 
Low NaCl (6 + 2 grams) ee ~ | 100.8 
Moderate NaCl (15 + 2 grams)....... | 100.1 
—0.7 


TABLE 2B 


Average pulse rates and rectal temperatures for 6 men in series III studied in two periods 
of two days each in the heat while on moderate and high NaCl intakes 


DAYS OF HOT PERIOD 


CONTROL 


Work pulse rate | 
Moderate NaCl (15 + 2 grams)....... 
High NaCl 


Rectal temperature 
Moderate NaCl (15 + 2 grams)....... -l1 | 100.6 101.2 
High NaCl (30 + 2 grams) ; 100.3 101.2 
—0.3 0.0 


in the moderate NaCl group. The reduction in the total sweat volume of the 
low NaCl group is accounted for by reduced sweat loss during work. 

NaCl metabolism. Table 6 gives the estimated NaCl balances of the two 
groups in series I. The following assumptions were made in preparing this 
table: 1, the difference between the NaCl intake and NaCl loss in the urine ap- 
peared in the sweat; 2, the changes in body weight represented a loss or gain of a 


— 1 2 
: a.m. p.m. a.m. | p.m. 
| 
114 140 151 143 | «154 
| +5 0 | | -13 
| 
| 
| 
101.2 
100.6 
| —0.6 
| 1 2 
| a.m. p.m. a.m. p.m. 
| 107 136 148 134 143 
| 108 | 136 147 132 139 
/ 100.5 | 100.9 
| 100.3 | 100.7 
| -0.2 | -0.2 
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TABLE 3 
The average systolic blood pressures and pulse rates before and after elevation on a tilt table and 
the average modified Crampton scores of 10 men on the low (6 + 2 grams) NaCl regimen 
compared with 12 men on the moderate (15 + 2 grams) NaCl regimen before and during a 
34 day exposure to dry heat 
A.M. values were obtained before breakfast and p.m. values 20 minutes after the 
last work period in the afternoon 


BLOOD PRESSURE PULSE RATE 
DIET NO. OF MEN 


Before After Before 


After 


| 


Control m. Low 10 | 124 115 
Moderate 12 121 


+3 


Low 120 
Moderate 122 


Low 
Moderate 


Low 
Moderate 


Low 
Moderate 


Low 
Moderate 


Low 
Moderate 


Low 
Moderate 


“41 | | —12 


NaCl solution of equal weight whose NaCl concentration was equivalent to the 
NaCl concentration measured in the plasma. This second assumption that all 
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| 
73 | 56 
77 96 60 
| m | | 6 
| a.m. | 18 | 63 | 87 63 
| ~2 | +1 | -m | +4 | -3 
| 
I (hot) | pm. a 7 17 | 99 | 98 | 12 | 41 
12 113 100 | 94 | 118 46 
| +4 | +10 | -5 
a.m. P| 10 119 | 109 | 68 | 93 53 
12 | 121 | 73 | 61 
-2 | —2 | +5 | +2 | -8 
| 
Il p.m. a 9 | 115 | 102 96 | 131 | 44 
_ 120 | 113 9 | 108 | 61 
—5 | —11 | +6 | +23 he 
a.m. 10 123. | 12 | 6 | 9% | 45 
11 118 |. 109 | 70 | 9% | 62 
+5 +3 —4 | +6 
Il 7) 6 120 | 10 | 89 | 121 | 46 
l 119 | 109 | 82 | 113 | 56 
+1 | 41 | 47 | +8 | —10 
IV a.m. P| 10 121 | 109 66 | 88 | 54 
| 11 14 | 113 | 6 | 91 | 66 
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TABLE 4 


Analysis of the results of the postural adjustment tests in terms of the t-value 


| t VALUE AT 
VARIABLE | TIMES OR CONDITIONS COMPARED 
| } | SIGNIFICANCE 
Blood pressure | 2nd p.m. hot period ‘‘Low”’ vs. 18 2.27 | 2.10 
subject tilted ““Mod.”’ chloride 
Pulse rate subject | 2nd p.m. hot period ‘“‘Low’”’ vs. 18 5.34 2.10 
tilted ““Mod.”’ chloride 
Crampton score “Low” chloride group Ist p.m. 8 0.33 2.31 
vs. 2nd p.m. of hot period | | 
Crampton score “Mod.”’ chloride group Ist 10 3.77 2.26 
p.m. vs. 2nd p.m. of hot | 
period | 


TABLE 5 


Average morning body weights, water consumption, urine volume, total 24 hour sweat 
volume and rate of sweating during work of the low chloride group and the moderate 
chloride group (series I) 


DAYS OF EXPOSURE TO HEAT 


VARIABLE | NaCl INTAKE 
1 2 3 
Average body weight*...... cae Gee 157.4 | 153.4 152.2 151.8 
Per cent A from control 2.5 | 3.3 | 3.6 
| | 
Average body weight*........ | “Mod.” | 154.0 | 152.8 | 151.7 | 152.6 
Per cent A from control....... ae | 0.77 | 1.5 1.3 
Water intake (liters). “Low” 4.82 5.51 | 5.61 
“Mod.”’ 5.73 6.27 6.33 
Urine volume (liters). . “Low” 0.486 0.687 0.670 
“Mod.” 0.656 0.648 0.491 
Total sweat volume (liters)f....... 6.44 6.12 5.87 
“Mod.’’ 6.37 6.87 6.27 
Rate of sweating in work (gms. per | 
minute) “Low” a.m. 14.8 12.0 22.3 
pm. | 11.6 10.7 10.4 
“Mod.”’ a.m. 14.4 14.7 15.8 
| p.m. 14.7 15.0 15.0 


* Values for body weight represent values with an empty bladder before breakfast after 
completion of specified number of days’ exposure to heat. Body weights expressed in 
pounds. 

+ Sweat loss equals water drunk plus water in food plus water metabolism minus the 
sum of urine water plus fecal water plus water lost through the lungs, corrected for 24 
hour weight change. 
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weight losses are from the extra-cellular fluid phase results in maximal figures 
for the estimated 24-hour NaCl loss in sweat and from all sources. 

The estimated 3-day NaC! deficit for the low NaCl group was 12.71 grams as 
compared to only 2.84 grams for the moderate NaCl group. The evidence gained 
from series III appears to indicate that NaCl deficits of 2 to 3 grams have no 
appreciable effect on the ability of men to perform work in the heat. The low 
chloride group showed a marked conservation of NaCl when compared to the 
moderate group, losing only 29.65 grams of salt in three days as compared to 
44.78 grams for the men on the higher NaCl intake. 

Results in blood and plasma. Table 7 gives the findings of the measured blood 
constituents in the two groups in series I. The total plasma solids as measured 
by the refractive index increased 15.2 per cent on the morning of the second day 


TABLE 6 
The estimated NaCl balances of the low and moderate NaCl groups in series I (see text 
All figures are average grams of NaCl per 24 hours, except weight change which is in 
kilograms. The numbers in the vertical column heads refer to days of hot period 


| Low NaCl Group MODERATE NaCl Group 

1 | 2 
NaCl intake 5.30 | 5.84 | 5.80 15.45 13.19 13.20 
Urine NaCl 3.60 1.20 0.45 5.20 2.95 2.45 
Weight change (kgm.)..... —1.36 —0.54 —0.18 —0.54 —0.54 +0.14 
Equivalent NaCl loss*....... 8.39 3.36 1.04 3.63 3.15 | +0.84 
Sweat NaCl losst eles 10.09 | 8.27 6.04 13.88 13.39 9.9] 
Total NaCl losst..... py 13.69 9.47 6.49 16.08 16.34 12.36 
NaCl balance..... pated 2 —8.39 —3.63 —0.69 —0.53 —3.15 +0.84 


* Calculated on the assumption that a gain or loss of weight is due to a gain or loss of 
extra-celluiar fluid. The concentration of chloride in the extra-cellular fluid phase was 
calculated from plasma chloride concentration. 

+t Sweat NaCl loss = NaCl intake — urine output + the NaCl gain or loss equivalent to 
the weight change. 

t Total NaCl loss = sweat NaCl loss + urine NaCl loss. 


in the low NaCl group but there was later a tendency to return to normal in spite 
of progressively increasing dehydration. The slight decrease in the hemoglobin 
suggests blood destruction in the low NaCl group. The increase in bldéod urea 
nitrogen in the low NaCl group was accompanied by a 12 per cent increase in 
daily urinary urea excretion; in contrast the moderate NaCl group showed a 35 
per cent reduction in urea eliminated in the urine. The significance of these 
findings is not clear. 

Sweat chlorides. Lehmann (12) has reported a linear relationship between 
rectal temperature and the concentration of chloride in the sweat. The present 
experiments were not strictly comparable but they offer small support to this 
thesis. The average results on 12 men on the moderate NaCl intake (series I) 
show at best only a rough correlation: R = 0.655. The low NaCl group (series 
I) showed an inverse relationship: R = —0.790. 
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In the experiments reported here there was a marked decrease in the concen- 
tration of chloride in the sweat in all groups during the first days of exposure. 
The average concentration of chloride in the sweat on the morning of the fourth 
day in the heat was 55 per cent and 38 per cent of the average concentration of 
chloride in the sweat on the morning of the first day in the moderate and low 
NaCl groups (of series I) respectively. 

Heat exhaustion. Seven of the 49 men who took part in these experiments 
suffered heat exhaustion of various grades. The symptoms and objective find- 
ings are presented in table 8. 

Three other cases are included from groups under substantially the same con- 
ditions but not reported here in detail. In all there were 39 men on the mod- 
erate NaCl regimen and of these only one suffered definite heat exhaustion and 


TABLE 7 
The concentration of hemoglobin and urea nitrogen in the blood, chlorides in plasma and 
the refractive index increment of plasma of the low and moderate chloride groups 
in series I 


| DAYS* OF EXPOSURE TO HEAT 
DETERMINATION DIET GROUP CONTROL 


1 2 3 


Refractive index incrementt Low chloride | 0.0171) 0.0197} 0.0187} 0.0183 
Moderate chloride 0.0173 0.0175 


Hemoglobin (grams per 100 Low chloride 16.02 
ce.) Moderate chloride 15.4 


Plasma chlorides (mgm. Low chloride 617 58: 
NaCl 100 ec.) Moderate chloride (637 635 


Blood urea nitrogen (mgm. Low chloride 12.0 . 20.6 20.7 
per 100 cc.) | Moderate chloride 13.8 14.7 


* Values represent findings in blood drawn in morning before breakfast after completion 
of specified number of days’ exposure to heat. 
¢ Refractive index of plasma minus the refractive index of water. 


prostration while one other man had to interrupt the work schedule because of 
mild heat exhaustion. In contrast, 5 men of the 20 on the low NaCl regimen 
suffered heat prostration and 3 others suffered heat exhaustion requiring inter- 
ruption of the work schedule. The one man (Du) who developed heat prostra- 
tion in the moderate NaCl group was 46 years old and the oldest man studied. 
Du had a very high rate of sweat production. Du lost 23.4 grams of sweat per 
minute in work as compared to an average of 14.9 grams/min. for all men in the 
moderate NaCl group. He showed a net loss of 5.5 per cent of his body weight 
on the first day in the heat and as a result he was badly dehydrated when he 
collapsed during the morning of the second day. 

Case Wa is interesting because he represents heat exhaustion which occurred 
during a simultaneous increase in the rate of sweating. The routine rate of 


15.7 | 15.8 | 15.7 
15.7 


TABLE 8 
The symptoms, pulse rate, rectal temperature, blood pressure, blood hemoglobin and 
plasma chlorides of 10 men who suffered various grades of heat exhaustion 
during a 34 day exposure to heat 
All subjects except Du were on the low chloride regimen 


WORK WORK REST- REST- 
SYMPTOMS PULSE 
RATE 


| DAY OF HOT 
PERIOD 


per cent 
Nausea, vomiting, y 120 116/70 584 
| vertigo, head- 
ache 


Nausea, vomiting, 
vertigo, very 
slight cramps 


Refused to con- | 
tinue, com- 
plained of 
dyspnea 


| Nausea, vomiting, 
| vertigo, weak- 
ness 


Fainted before go- | 
ing on treadmill. | 
Fourth period 
rate of sweating | 
32/grams/min.* | 


| Refused to con- 
| tinue, slightly 
hysterical 


Vomiting, nausea | 
| Vomiting, nausea | 


vertigo, jaun- 
dice 


Vomiting, vertigo, | | am. | 15.6 
nausea, marked | i 20 .07 
weakness 


103.6! 132 


Ne§ | p.m. lst | Weak,refusedto | -174 
continue 


* Five subsequent determinations of rate of sweating averaged 12.8 gms./min. 

{ These men took part in preliminary low chloride experiments and are not included in 
series I, II, or III. 

t Forty-six years old; on the moderate chloride diet. 

§ Took part in an 8 day experiment previously reported in detail Taylor, Henschel and 
Keys, Report to N.R.C. April, 1943. This Journal, 1943. (In press.) 
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Dar | p.m. Ist 
— 
Cel | p.m. 2nd 156 | 101 a.m. 16.9 593 
ill 18.2 567 
| | | 
He | p.m. Ist 180 | 102.8 
| 
| 
| | | 
| | 
Ma | p.m. 3rd 168 | 100.2; 88 | 96/70) a.m. 15.9 570 
| | ill 17.0 618 
| 
Wa | am. Ist | | 140 99.2 | am. 17.0 629 
| ill 16.55 620 
| 
| | 
| | | | 
| } 
Tw | p.m. 2nd 172 | 101.6 a.m. 14.5 615 
ill 14.5 609 
| | 
Golf | a.m. 3rd 104 |108/90 
| | 
Bet | p.m. 3rd | | 
| 
| | | 
Dut | a.m. 2nd 640 
610 
| 
| | | 
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sweating was measured over the third period of work on the morning of the first 
day in heat and was found to be 32 grams/min. At the béginning of the fourth 
period he fainted as he was walking up the 3 steps to the treadmill platform. 
Five subsequent determinations of the rate of sweating on Wa when he was able 
to resume work averaged 12.8 grams/min. It should be noted that Wa had a 
milder though similar episode in the afternoon of the same day with a normal 
rate of sweating. 

Electrocardiograms were obtained on all men during the control period and 
at the end of the experiment. Records were also obtained on all men suffering 
from heat exhaustion. In no case did the low plasma chloride influence the 
electrocardiographic pattern. 

The heat exhaustion encountered in this Laboratory differed from the ‘‘de- 
hydration exhaustion,” reported by Adolph (13) on subjects working at high 
temperatures without water, in that nausea and vomiting were a prominent 
feature, occurring in 60 per cent of our cases while Adolph reported 35 cases of 
dehydration exhaustion without either nausea or vomiting. MceCance (14) has 
reported that nausea and vomiting occur in uncomplicated salt deficiency. 

In a previous report (4) it has been shown that heat exhaustion is associated 
with the failure of men to acclimatize (as measured by the pulse rate) and with a 
poor cardiovascular postural adjustment test in the evening preceding the actual 
development of symptoms. It was also pointed out that food (with salt), water 
and rest (subjects remaining in the heat) are the only measures that are ordi- 
narily necessary to restore to activity the men who develop heat prostration. 

Discussion. The evidence presented here indicates that men working in the 
heat, sweating 5 to 8 liters a day do not require more than 15 to 17 grams of salt a 
day. The total 24-hour sweat volumes are similar to those measured in the 
desert by Dill et al. (17), in mines by Moss (2) and recently by ourselves in desert 
maneuvers. Salt requirements for tropical conditions also may be estimated 
on the basis of these experiments since Lee et al. (15) have shown that for a given 
effective temperature (Houghten and Yaglogou, 16) the salt loss during work is 
less in the hot wet conditions than in the hot dry conditions. Thus it may be 
expected that men sweating 5 to 8 liters in the tropics will not require more than 
15 to 17 grams of NaCl a day. 

It is apparent that the salt requirement may be best judged by the physiolog- 
ical response of the individual. For this reason, we wish to emphasize the results 
of series ITI in which no significant physiological advantage was gained by increas- 
ing the NaCl consumption from 15 to 30 grams a day during work in the heat. 

The relationship of cardiovascular function to heat exhaustion has been recog- 
nized by other investigators (Weiner, 18; Keeton et al., 19; Ferris et al., 20). 
A number of observers, who were primarily concerned with the study of heat 
cramps, have noted without giving data that when adequate NaCl is supplied 
to miners (Moss, 2) or steel workers (Dill et al., 3) subjective fatigue is reduced 
and the incidence of heat exhaustion lowered. Clear evidence is submitted here 
to show that a salt deficit imposes a severe strain, in addition to the task of heat 
regulation, on the cardiovascular system of men performing work in high environ- 
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mental temperature and that this additional burden will limit the amount of 
work performed and in some cases lead to the development of heat exhaustion. 
The cause of this effect appears to be a contracted circulating blood volume. The 
extent of the reduction of the blood volume in these experiments may be esti- 
mated from the NaCl loss. The estimated NaCl loss of the low NaCl group for 
the first 24 hours was 8.39 grams. If the chloride all came from the extracellular 
fluid, this would represent 1.74 liters. This is 10.3 per cent of 16.87 liters, the 
average extracellular fluid found by Forbes, Dill and Hall (21) in 10 men. This 
change is the same order of magnitude as the per cent change in the refractive 
index increment of the plasma (15.2 per cent), a figure which may be taken as 
roughly proportional to the blood volume change. 

Heat exhaustion appears to be circulatory failure or impending circulatory 
failure during activity. The subject cannot perform continuous physical work, 
indeed he may faint while attempting it, but if he ceases physical activity and 
lies down the capacity of his cardiovascular system is adequate to meet the 
requirements of resting metabolism. Circulatory failure can be brought on by 
placing excessive demands on the heat regulating mechanism (18). The more 
common situation appears to result from the integrated effects of a contracting 
blood volume and the demands of heat regulation for circulation through the 
skin. The blood volume may be reduced by failure to drink enough water to 
keep up with the water lost by sweating (13) or by failure to consume enough 
chloride to replace the salt lost in sweat production (present results). 

Talbott (1) has maintained that the lowering of sodium and chloride ions in 
serum is the principal etiological factor in the pathogenesis of heat cramps. 
Both the concentration of chloride in plasma and the total chloride loss of the 
subjects on the low NaCl diet were well within the range reported as being char- 
acteristic of heat cramps. Talbott and Mickelsen (22) reported 5 cases of heat 
cramps with an average serum chloride of 96.9 M.E./liter on admission. Eight 
subjects of the 20 studied on the low NaCl diet had plasma chloride concentra- 
tions of less than 100 M.E./liter, the average being 94.6 and the lowest 89 
M.E./liter. None of these men had real heat cramps but 5 of them suffered 
heat exhaustion. One man, C. E., complained of slight twitchings in the right 
ankle and hip but this could hardly be termed true heat cramps. These obser- 
vations serve to emphasize that no one factor accounts for the development of 
true heat cramps (3). Dill et al. (3) have suggested that the severity of heat 
cramps depends both on the intensity of the work and the degree of salt loss. 
It is probable that the intensity of work in these experiments was not as great as 
that encountered for brief periods in steel mills and mines although the total 
work output cannot be much inferior judging from pulse rates. In any case it is 
clear that NaCl loss per se and the resulting reduction of plasma chlorides will 
not necessarily result in heat: cramps but will lead in many cases to heat 
exhaustion. 


SUMMARY 
The effects of 3 levels of NaCl intake on cardiovascular functions were studied 
in 49 “normal” men in work and rest during exposure to hot, dry conditions. 
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The salt intakes were, in grams NaCl per 24 hours, 6 + 2 (“‘low’’), 15 + 2 (“‘mod- 
erate”) and 30 + 2 (“high’”’). Day temperature was 120°F. dry bulb, wet bulb 
of 85°F., night 85° to 95°F. dry bulb, 65° to 75° wet bulb. Control studies 
were at 80°F. dry, 65°F. wet bulb. Diet, exercise and other conditions were 
rigidly standardized. Water was allowed ad lib. Periods in the heat ranged 
from 2 to 8 days each. 

Pulse rates, rectal temperature, sweat composition and rate of sweating were 
studied in work and in rest. Blood ptosis tests were made. Sweat production 
ranged from 5 to 8 liters per day. 

No advantage in any of the variables measured was demonstrated for men on a 
“high” daily intake of 30 grams NaCl as compared to the ‘“‘moderate”’ (15 grams) 
intake. 

Men maintained on a “‘low’’ (6 grams) intake of salt had higher pulse rates and 
rectal temperatures in work than men on a “moderate” salt intake. The deleteri- 
ous effect of the ‘‘low” salt intake was also reflected in poorer postural cardio- 
vascular adjustment. The men on the “low” salt intake lost more than twice 
as much body weight, drank less water and sweated less than the men on the 
“‘moderate” salt intake. 

The “low” salt intake resulted in an average net deficit of 13 grams NaCl for 
3 days in the heat. The men on the ‘“‘moderate” salt intake appeared to be in 
NaCl balance after 3 days in the heat. 

Heat exhaustion and prostration, characterized by nausea, vomiting, tachy- 
cardia, hypotension, vertigo, dehydration and collapse, occurred in 25 per cent 
of the men on the “low”’ salt intake and in only 2.5 per cent of the men on the 
“moderate” salt intake. Rest in the heat, food (with salt) and water sufficed 
to restore all these men so that they could continue work in the heat in 8 to 24 
hours. 

Although pronounced hypochloremia was observed in many instances heat 
cramps did not occur. 

There was little or no relation between the concentration of chloride in the 
sweat and the rectal temperature. 

It is concluded that heat exhaustion and ability to work in the heat are almost 
wholly dependent on cardiovascular function and that a moderate salt intake is 
more important to preserve this function than to prevent heat cramps. Hypo- 
chloremia is not the only factor in heat cramps. 

It is further concluded that the NaCl requirement of unacclimatized men who 
are sweating 5 to 8 liters a day is not greater than 13 to 17 grams daily. An 
increase in salt intake above this level results in increased loss of salt and water 
in the urine with no apparent advantage. 
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It has been recognized for some time that antero-pituitary hormones are 
needed to enable hypophysectomized rats to withstand fasting periods without 
marked loss of carbohydrate stores. It has been demonstrated that adrenal 
cortical steroids (3, 16) or a crude adrenocorticotropic hormone (4) will preserve 
or increase blood sugar, liver glycogen and muscle glycogen levels of fasted 
hypophysectomized rats. If a crude anterior lobe extract is given throughout 
the fasting period, complete maintenance of muscle glycogen levels may be pro- 
duced without effects on blood sugar or liver glycogen. This effect may also be 
obtained in the absence of both adrenals (11). The pituitary principle which 
produces this effect has not been identified with any of the known anterior lobe 
hormones and has been termed the glycostatic hormone (1, 2). 

By employing the most purified anterior hypophyseal hormone preparations 
now available it was hoped that a long deferred answer might now be given the 
question “Is myoglycostatic activity a property of one or of several of the six 
known antero-pituitary hormones?” In the course of these studies concordant 
observations were frequently made on the hepatic glycogen and blood sugar. 

EXPERIMENTAL CONDITIONS, METHODS AND MATERIALS. In most of these 
experiments, conditions were similar to those proposed by Russell for the assay 
of the myoglycostatic hormone (2). Male rats, hypophysectomized when 2-3 
months old, were used 2-4 weeks postoperative. In part of the experiments, 
immature females, operated upon at the age of 26-28 days were employed 5-10 
days postoperative, but occasionally as long as 3.5 months after the operation. 
In each experiment only animals of the same age and postoperative period were 
used, generally in groups of 5-8 rats. All rats were fasted for a 24 hour period, 
started at 1 p.m. and received the hormone intraperitoneally in three doses 
at 24, 10-12, and 4 hours before sacrifice. During longer injection periods the 
hormone was given once daily save on the last day when the schedule mentioned 
above was followed. Thus in a series of experiments, rats were treated for 3-4 
days, starting two weeks postoperative, in another series for 9-21 days, starting 
on the day following operation. 

The hormone preparations while in general similar to those used in previous 
metabolic studies (5, 6, 7), embraced two highly purified substances—the adreno- 
corticotropic and lactogenic hormones. The thyrotropic preparation contained 


1 Aided by grants from the Research Board of the University of California and the 
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slight amounts of the interstitial cell stimulating hormone and an uncertain 
amount of growth hormone.’ 

All rats were anesthetized with sodium amytal for the collection of blood 
and tissue samples. The liver and muscle glycogens were determined by a 
minor modification of the Cori method (8) used in this laboratory for several 
years. This consists in proceeding after the acid hydrolysis without filtration. 
This was demonstrated by control experiments to be non-essential. The glucose 
determinations were performed by the method of Benedict (9). When an ignited 
molybdie anhydride was used in preparing the color reagent, a very stable color 
was obtained, reaching a color maximum in 30 minutes which changed less than 2 
per cent during 8 hours. The Sheard-Sanford photoelectric colorimeter was 
used. Blood was deproteinized by the copper-tungstate method of Somogyi (10). 

DiIscUSSION OF RESULTS. The data are presented in graphic form to show the 


Crude cystine treated 
Crude cystine treated + 


| | 
30 controls fl 
18 controls 1ocontrols 


15 controls scontrols 


Total Dose 20 10 05 0! 30 30 05 0083 20 05 03 05 
Number of Rats5 7 6 6 236237 6 


7 9 

Graph I. The myoglycostatic effect of purified anteropituitary hormones administered 
during fasting in three divided doses at the 24th, 10-12th, and 4th hours before sacrifice of 
hypophysectomized rats. 
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increase of the experimental groups over their respective controls in graphs | 
and II; the black areas indicate the standard deviation’ of the difference and an 
increase of two times this was considered significant. When Russell (1, 2) 
studied and compared the ability of various pituitary fractions to maintain 
muscle glycogen in fasted hypophysectomized rats, she found growth promoting 
extracts always to be potent in this respect. Since then methods have been 
developed for a better separation of the growth principle from the other known 
hormones. When such improved preparations were tested for myoglycostatic 


2 We desire to thank heartily Dr. Walter Marx for many samples of a highly purified and 
potent growth hormone, Drs. William R. Lyons and C. H. Li for completely purified lacto- 
genic hormone, Dr. C. H. Li for completely purified adrenocorticotropic hormone and Jane 
Fraenkel-Conrat for thyrotropic preparations which had been purified to a fargoing extent. 
We especially desire to thank Dr. Heinz Fraenkel-Conrat for the suggestion that these 
studies be undertaken and for his kindness throughout their execution and formulation. 

3 Standard deviation of the difference between the mean of the controls and the mean 
of the experimental groups. 
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activity, they were still found to be effective. About ten different preparations 
of growth hormone were given to a total of 64 rats and all groups treated with 
the hormone showed increased muscle glycogens when compared with the controls 
(graph I). One milligram of various preparations caused increases of 50-90 
mgm. per cent. In one experiment as little as 0.1 mgm. of a highly purified 
growth hormone preparation caused statistically significant maintenance, but 
higher doses of this preparation were not appreciably more effective (graph I). 
This is not very surprising in view of .Russell’s finding of a very narrow range in 
which a clear-cut dose-response relationship could be observed (2). Treatment 
with the hormone for 3 or 4 days preceding the fast appeared no more effective 
than the usual one day injection period, while after 17 days of hormone treatment 
no appreciable effect was noted (graph II). (Confirmation of L. L. Bennett, 11.) 


Days treated 4 17 
Daily dose (Mq)25 20 
Total lastdayMg 
Number ofrats3 4 


Graph II. The myoglycostatic effect of purified anteropituitary hormones administered 
daily, and in three divided doses at the 24th, 10-12th, and 4th hours before sacrifice, on 
the last day of fasting. 

* Injected nine times, at two hour intervals, during the last day of treatment (other 
ACTH groups received four injections, at 3 hour intervals, during the last day of treatment). 


In contradistinction to the effectiveness of growth hormone preparations in 
maintaining muscle glycogen, they did not maintain blood sugar (graph III) 
or liver glycogen under the same conditions. 

Thyrotropic extracts were generally found to be rich in glycostatic activity in 
older studies (2). Forty-four hypophysectomized rats were therefore injected 
with a number of purified thyrotropic preparations. Results indicated that 
there was no statistically significant maintenance of muscle glycogen in 5 out of 7 
experiments. The two groups in which maintenance did occur might be ac- 
counted for by the contamination with growth hormone. 

Pure adrenocorticotropic hormone (ACTH) (12) was tested at one level in 
the usual test (graph I). When 3 mgm. were given, muscle glycogens were 
found 65 mgm. per cent above controls, the difference not being significant. 
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The previous experiments with less pure adrenocorticotropic, gave similar small 
increases. In a considerably greater number of experiments, however, ACTH 
was given for periods ranging from three to twenty-one days, starting the treat- 
ment in many experiments on the day following the operation and in others from 
two weeks to three and a half months postoperative (graph II). In all these 
experiments muscle glycogens were maintained. Blood sugar determinations 
in these groups paralleled muscle glycogen values strikingly, the blood sugars 
ranging up to 233 mgm. per cent in the treated groups (graph III). The highest 
muscle and blood carbohydrate values were obtained with a crude ACTH. 
In contradistinction to the finding of Bennett (4), liver glycogen though found 
to be slightly increased in these experiments was never super-normal. 

In view of the general belief that the hormonal control of blood sugar and liver 
glycogen depends on the adrenal and that these values are generally correlated, 
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Graph III. The blood sugar levels of hypophysectomized rats given anteropituitary 
hormones daily and three times during the last day while fasting. 


while muscle glycogen is only secondarily influenced by this gland (2, 4, 5, 7) 
many control experiments were performed to verify the surprising findings here 
reported; namely, that stimulation of the adrenal had only minor effect on liver 
glycogen, while causing hyperglycemia and increased muscle glycogen values. 
When the analytical technique was tested repeatedly by the determination of 
known amounts of hog liver glycogen added to rat livers, recovery was regularly 
found to be above 87 and generally close to 92 per cent, if the following precau- 
tions were observed: 1, the tubes containing 30 per cent KOH were placed into a 
boiling water bath immediately after the addition of the freshly extirpated livers; 
2, sugar determinations were carried out immediately after acid hydrolysis of 
the liver glycogen. In some of the earlier experiments, before the importance 
of these precautions was realized, one secured approximately 0.10 per cent lower 
liver glycogen values. However, experimental and control rats were treated 
alike in each case and since recent experiments in which this error was avoided 
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confirmed the findings of the earlier ones, no significance can be attributed to 
this factor in the interpretation of the results. 

It appeared of importance to re-study the effect of adrenal extracts and crystal- 
line steroids on the glycogen and sugar stores of hypophysectomized rats. Six 
groups of rats were treated with 17-hydroxy-dehydrocorticosterone (compound 
FE of Kendall‘) during the 24 hour fast with doses ranging from 0.4 mgm. to 2.0 
mgm. (graph II). Muscle glycogen values were found increased by all but the 
lowest level of the hormone, the effect being significant after the administration 
of more than 1.1 mgm. Blood sugars were also well maintained by 2 mgm. of 
compound E, with doubtful effects at lower doses (graph III). Liver glycogen 
again was found low in all experiments never exceeding 0.2 per cent, while the 
controls were generally about 0.13 per cent. Similar effects were produced by 
6 ec. of Upjohn Cortical Extract. Thus cortical extract and compound E were 
found to act quite similar to ACT in our rats, causing appreciable increases in 
muscle but not in liver glycogen; in regard to blood sugar the pituitary hormone 
caused hyperglycemia while the steroid at the dosages used only maintained blood 
sugars at levels similar to those of normal fasted rats. However, it appears quite 
possible that the mode of administration and the speed of action of the steroids 
may here be an important factor and that with continuous administration in larger 
amounts these compounds would produce blood sugar and liver glycogen increases 
similar to those reported by others for adrenal steroids (3, 16, 17). It is espe- 
cially noteworthy that the low doses used significantly increased muscle glycogen. 

Myoglycostatic studies have been reported for growth, thyrotropic and 
adrenocorticotropic hormones. The remaining chemically characterized pitui- 
tary hormone of significance is the lactogenic hormone. This hormone can be 
prepared in a state of uniform potency and our various physico-chemical studies 
indicate that it is a pure protein (13, 14). In the two experiments presented 
(graph IT) in which it was administered to hypophysectomized rats for more 
than 24 hours the adrenals did not show an increase in weight and no histological 
stimulation was evident. When the hormone was given only during the fasting 
period at dose’levels of 1.5 and 3.0 mgm. no significant increases in muscle glyco- 
gen were observed (graph I). When it was given for 4 and 14 days to two other 
experimental groups at levels of 2.5 and 1.25 mgm. daily with three times this 
dose during the fasting period there likewise was no significant increase in the 
muscle glycogen (graph II). Throughout the experiments with lactogenic 
hormone liver glycogen and blood sugars were uniformly low. 

The data presented in graph I show that no greater effects were obtained 
with a purified cysteine-treated growth hormone preparation than with a crude 
alkaline extract. Euglobulin and pseudoglobulin fractions of a crude extract 
were found active at 1 mgm. while the albumin fraction showed no activity at 2 
mgm. The fact that purified hormone preparations were generally no more active 
than crude extracts indicated the possibility that the latter might owe their 
activity to a synergism of some of their component hormones. Therefore a 
considerable number of hormone combinations were tried in search for this 


4 We desire to thank Dr. E. C. Kendall heartily for this valuable substance. 
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synergism. When growth hormone was given together with ACTH and lac- 
togenic hormone for one day, the effect was no greater than that produced by 
the growth hormone alone. When the same combination was given for 3 days, 
it caused the highest muscle glycogen values (230 mgm. per cent above controls), 
but the effect was less than additive. Also upon combination of growth hormone 
with thyrotropic or with 17-hydroxy-dehydrocorticosterone (compound FE) 
no synergism was noted. 

Conciusions. Russell found myoglycostatic activity to varying extent in all 
anterior pituitary extracts tested with the exception of the albumins (growth 
discard fraction) and a lactogenic preparation (2). Using the same technique, 
i.e., the 24 hour fasting period with equal amounts of hormone at 24th, 10th to 
12th and 4 hours before sacrifice, we find purified growth hormone alone to show 
pronounced effects at low doses. Russell hesitated to identify the myoglycostatic 
hormone with the growth hormone, because of the glycostatic activity of other 
hormone fractions, low in growth activity, and because of the fact that the 
purification of the growth hormone was not paralleled by an increase in myogly- 
costatic potency, when compared to crude extracts. The first instance may have 
been confusing because of adrenotropic hormone contamination inhibiting the 
growth activity of the extracts (15), and thereby producing extracts apparently 
low in growth potency. Secondly, we have confirmed the failure of growth 
preparations to show marked increases in myoglycostatic potency during 
purification. However, the fact that growth hormone has since been nearly 
freed: from several known hormones (ICSH, FSH, lactogenic, adrenocortico- 
tropic, and thyrotropic) without losing myoglycostatic activity at low dose 
levels (0.1 to 1 mgm.) indicates that one or both of the two components present 
by electrophoretic analysis of purified growth fractions might be the myoglyco- 
static agent, or agents. 

The time relationships of the muscle glycogen increases presented in this 
paper are of the greatest importance. 

a. Growth hormone is most effective when given for 1-3 days. It becomes 
ineffective in maintaining muscle glycogen when given for 2-3 weeks (4). 

b. Adrenocorticotropic hormone is only slightly effective or inactive when 3 
injections are given during the 24 hour fast; but it is very effective when given 
daily for one to two weeks. This suggests that dissimilar mechanisms are 
responsible for muscle glycogen storage by growth and adrenocorticotropic 
hormones. Maintenance of adrenal cortical size and secretion by adrenocortico- 
tropic hormone gives increased muscle glycogen levels in the hypophysectomized 
rat (graph II) which are similar to those obtained with 17 hydroxy-11-dehydro- 
corticosterone (Kendall’s Compound E). Similar increases have been previously 
reported for cortical extract and corticosterone (Kendall’s Compound B) by 
Russell and Craig (3) and Long and Katzin (16). Russell and Craig (3) obtained 
supernormal muscle glycogen levels when adrenal steroid (Compound B) and 
“glycostatic’’ extract were administered simultaneously to hypophysectomized 
rats. 

Two factors are probably instrumental in the failure to obtain supernormal 
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liver glycogen in fasted hypophysectomized rats given compound E, or cortical 
extract reported in graph II. 

a. The hormone or extract was not given in small hourly doses. Reineke 
and Kendall (17) have recently emphasized the importance of hourly adminis- 
tration of potent extracts to obtain liver glycogen storage in fasting adrenalec- 
tomized rats. 

b. The amount of cortical extract just sufficient for the maintenance of normal 
carbohydrate levels in adrenalectomized rats is without effect in the absence of 
the hypophysis (Bennett, 18; Grollman, 19). Russell (20) presents an excellent 
analysis of the interplay of glyconeogenetic action of adrenal cortex hormones 
and crude anteropituitary extract effects upon glucose utilization rate in the 
eviscerated rat. ° The hypophysectomized rat oxidized sugar at a much greater 
rate than the normal or adrenalectomized rat. 

In recent experiments (21) pure adrenocorticotropic hormone administered 
to hypophysectomized rats fasting during low pressure treatment has not in- 
creased their liver glycogen to levels found in anoxic rats with intact hypophyses. 
In these animals, the adrenals were larger than normal, and blood sugar levels, 
and muscle glycogen markedly increased by the adrenocorticotropic administra- 
tion. Bennett (4) using an impure adrenocorticotropic hormone at high dose 
levels obtained supernormal liver glycogen levels in fasted hypophysectomized 
rats. Experiments are planned to determine what anteropituitary hormone or 
hormones are necessary for administration with pure adrenocorticotropic hor- 
mone to give supernormal liver glycogens in fasting hypophysectomized rats. 
Those anteropituitary fractions high in myoglycostatic and growth hormone 
action are highly effective in depressing the respiratory quotient of glucose fed 
rats (22, 23, 24). This action if it reduces glucose oxidation in the periphery 
might conceivably act with adrenotropic hormone to increase the liver glycogen 
during fasting to supernormal levels. 


SUMMARY 


1. Myoglycostatic activity is greatest in crude extracts of the anterior hy- 
pophysis and in highly purified growth promoting extracts. 

2. Thyrotropic extracts known to be impure had activities no greater than 
to be expected from possible growth hormone contamination. 

3. Adrenocorticotropic hormone showed slight or no activity during the one 
day test in which growth hormone preparations were highly effective. However, 
when through longer administration of adrenocorticotropic hormone, the adrenal 
gland becomes normal or hypertrophied, muscle glycogen and hepatic glycogen 
are maintained by it during fasting. 

4. Pure lactogenic hormone is ineffective in the one day myoglycostatic test 
or when administered for 4 or 14 days. 


REFERENCES 


(1) Russewt, J. A. anp L. L. Bennett. Proc. Soc. Exper. Biol. and Med. 34: 406, 1936. 
(2) Russeti, J. A. Endocrinology 22: 80, 1938. 
(3) Russevi, J. A. anv J. M. Cratac. Proc. Soc. Exper. Biol. and Med. 39: 59, 1938. 


ANTERIOR-PITUITARY HORMONES AND CARBOHYDRATE STORES 459 


BenneEtTT, L. L. Proc. Soc. Exper. Biol. and Med. 37: 50, 1937. 

FRAENKEL-ConratT, H. L., V. V. Herrine, M. E. Stimpson ann H. M. Evans. This 
Journal 136: 404, 1942. 

FRAENKEL-Conrat, H. L., M. E. Simpson anp H. M. Evans. This Journal 136: 398, 
1942. 

FRAENKEL-ConratT, J., H. FRAENKEL-CONRAT AND H. M. Evans. This Journal 137: 
200, 1942. 

Corr, C. F. ann G. T. Cort. J. Biol. Chem. 100: 323, 1933. 

BeNneEpict, 8. R. J. Biol. Chem. 83: 165, 1929. 

Somocyi,M. J. Biol. Chem. 90: 725, 1931. 

Bennett, L. L. Proc. Soc. Exper. Biol. and Med. 37: 29, 1937. 

Li, C. H., M. E. Simpson anp H. M. Evans. Science 96: no. 2498, 450, 1942. 

Li, C.H., W. R. Lyons anp H.M. Evans. J. Gen. Physiol. 23: 433, 1940. 

Li, C. H., W. R. Lyons anp H.M. Evans. J. Gen. Physiol. 24: 303, 1941. 

Marx, W., M. E. Simpson, C. H. Lt anp H.M. Evans. Endocrinology 33: 102, 1943. 

Lone, C. N. H. anp B. Karzin. Proc. Soc. Exper. Biol. and Med. 38: 516, 1938. 

REINEKE, R. M. anp E. C. Kenpauy. Endocrinology 31: 573, 1942. 

Bennett, L. L. Endocrinology 22: 193, 1938. 

Grotuman, A. This Journal 122: 460, 1938. 

RussE.x, J. A. Essays in Biology, in honor of Herbert M. Evans, Univ. of California 
Press, 1943. 

Herrine, V. V., C. H. Li anp H. M. Evans. (To be published soon.) 

HerrineG, V. V. anp H. M. Evans. (To be published.) 

Russet, J. A. This Journal 121: 755, 1938. 

Greaves, J. D., I. K. Frerpure ano H.E. Jouns. J. Biol. Chem. 133: 243, 1940. 


(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 


